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NEWS 


IN BRIEF 
534 News at a glance 


IN DEPTH 


537 NEW GEOLOGICAL AGE COMES 
UNDER FIRE 

Timing and extent of ancient drought 
used to define the Meghalayan are 
uncertain By P. Voosen 

> PODCAST 


538 MARCH OF DIMES CURTAILS SUPPORT 
FOR RESEARCHERS 

Cuts at historic nonprofit leave grantees 
fuming By K. Servick 


539 HYBRIDS SPAWNED LAKE VICTORIA'S 
RICH FISH DIVERSITY 

Cichlid speciation helped by pre-existing 
genetic variation By E. Pennisi 


540 HOPE BLOOMS FOR HAWAII’S ICONIC 
NATIVE TREE 

Some ‘ohi‘a trees resist foreign fungi—and 
fencing out animals can also protect the 
trees from fatal infections By E. Pennisi 


SCIENCE sciencemag.org 


Pests in the making: 
young brown marmorated 
stinkbugs and eggs 


541 INFRARED METHOD COULD 

SAFELY IDENTIFY CELLS 

Researchers use powerful synchrotron 
radiation to profile cell types 

By M. Leslie 


FEATURE 
542 CONTROL FREAKS 


Importing an exotic species for pest 
control takes years of preparation. 
What happens when it arrives on its 
own? By K. Servick 

> PODCAST 


Published by AAAS 


Condensing synaptic vesicles 
in neurotransmission 


INSIGHTS 


PERSPECTIVES 


546 MEASURING EARTH’S RIVERS 
Satellite images enable global tally 

of freshwater ecosystems and resources 
By M. Palmer and A. Ruhi 

> REPORT P. 585 


548 PHASE CHANGES IN 
NEUROTRANSMISSION 

Synaptic vesicles cluster by partitioning 
into phase-separated condensates 

By E. E. Boczek and S. Alberti 

> REPORT P. 604 


549 ULTRAHIGH THERMAL CONDUCTIVITY 
CONFIRMED IN BORON ARSENIDE 
High-quality crystals minimize 
conductivity losses caused by phonon 
scattering at defects 

By C. Dames 

> REPORTS PP. 575, 579, & 582 


551 TIGHTER LYMPHATIC JUNCTIONS 
PREVENT OBESITY 

Zippering of cellular junctions in 
intestinal lacteals prevents fat uptake 
By D. M. McDonald 

> REPORT P. 599 


552 THE FUTURE OF HUMANS AS 

MODEL ORGANISMS 

A “human phenomic science” 
approach could accelerate personalized 
medicine By G. FitzGerald et al. 


POLICY FORUM 


554 BUILDING AN EVIDENCE BASE 
FOR STAKEHOLDER ENGAGEMENT 
The private sector provides lessons 
and models By J. V. Lavery 


BOOKS ETAL. 
558 TURN IT UP 


Science meets metal in a musical 
introduction to modern physics 
By D. J. Reilly 


559 LATERAL MOVES 

An engaging history reveals the 
scientific struggle to understand 
horizontal gene transfer 

By I. T. Knight 
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LETTERS 


561 PROTECTED LAND: 
MANY FACTORS SHAPE SUCCESS 
By M. C. Gavin et al. 


561 PROTECTED LAND: 
THREAT OF INVASIVE SPECIES 
By P. E. Hulme 


562 RESPONSE 
By K. R. Jones et al. 


563 TECHNICAL COMMENT 
ABSTRACTS 


RESEARCH 


IN BRIEF 


564 From Science and other journals 


REVIEW 
567 OPTICS 


Dissipative Kerr solitons in 
optical microresonators 

T. J. Kippenberg et al. 

REVIEW SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aan8083 
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RESEARCH ARTICLES 
568 STRUCTURAL BIOLOGY 


Structural basis for the recognition of 
Sonic Hedgehog by human Patched1 
X. Gong et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL 
TEXT: dx.doi.org/10.1126/science.aas8935 


569 ORGANIC CHEMISTRY 

Mapping the dark space of chemical 
reactions with extended nanomole 
synthesis and MALDI-TOF MS 

S. Lin et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL 
TEXT: dx.doi.org/10.1126/science.aar6236 


570 2D MATERIALS 

The role of electron-electron 
interactions in two-dimensional Dirac 
fermions H-K. Tang et al. 


REPORTS 


THERMAL CONDUCTIVITY 

575 Experimental observation 
of high thermal conductivity 
in boron arsenide 
J.S. Kang et al. 

579 High thermal conductivity in 
cubic boron arsenide crystals 
S. Li et al. 

582 Unusual high thermal 
conductivity in boron arsenide 
bulk crystals F Tian et al. 

> PERSPECTIVE P.549 


585 RIVER NETWORKS 

Global extent of rivers and streams 
G. H. Allen and T. M. Pavelsky 

> PERSPECTIVE P. 546 


588 NEUROSCIENCE 

Opioid prescribing decreases after 
learning of a patient’s fatal overdose 
J. N. Doctor et al. 


591 EVOLUTION 

Ancient convergent losses of 
Paraoxonase 1 yield potential risks 
for modern marine mammals 

W. K. Meyer et al. 


A bigger picture through 
human phenotype studies 


594 KIDNEY CANCER 

Single-cell transcriptomes from human 
kidneys reveal the cellular identity of 
renal tumors M. D. Young et al. 


599 METABOLISM 

Lacteal junction zippering protects 
against diet-induced obesity 

F. Zhang et al. 

> PERSPECTIVE P.551 


604 CELL BIOLOGY 

A liquid phase of synapsin and lipid 
vesicles D. Milovanovic et al. 

> PERSPECTIVE P. 548 


607 SIGNAL TRANSDUCTION 
Apoptosis propagates through 
the cytoplasm as trigger waves 
X. Cheng and J. E. Ferrell Jr. 


DEPARTMENTS 


533 EDITORIAL 
Health of the Hajj By Ziad A. Memish 


618 WORKING LIFE 
How to start a research lab By Alona Fyshe 


Iguazt Falls, Earth’s 
largest waterfall system, 
on the Iguazti River 
between Argentina and 
Brazil. Earth’s turbulent 
rivers and streams 

are natural hotspots 

for atmospheric 
exchange. Thousands 
of satellite images have revealed that rivers 
and streams cover nearly 45% more of 

the world’s surface than previous spatial 
estimates, indicating that these water 
bodies contribute more to atmospheric 
concentrations of greenhouse gas than 
previously thought. See pages 546 and 585. 
Photo: Inge Johnsson/Alamy Stock Photo 
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EDITORIAL 


Health of the Hajj 


or 5 days, starting 19 August, Saudi Arabia will host 
the Hajj, the world’s largest annual religious pil- 
grimage, where people from over 180 countries will 
converge on Mecca. Infectious disease transmission 
associated with this mass transnational movement 
of people is well known—malaria in 632 CE, menin- 
gitis in 1987 and 2000, polio in 2004, and pandemic 
influenza in 2009. As the former Deputy Minister of Pub- 
lic Health for Saudi Arabia, I 
know how immense the chal- 
lenge is to ensure that the 
country is prepared to con- 
tain the spread of infectious 
disease and maintain public 
well-being during this event. 
Although major progress has 
been made over the past 30 
years in Saudi Arabia and in 
pilgrimage countries, there is 
still much more to do to avoid 
a health catastrophe, given 
that the pilgrim quota may 
grow to 2.2 million by 2020. 
Nearly half of Hajj pilgrims 
are 56 years of age or older, 
and about half have preexist- 
ing health conditions. Many 
pilgrims originate from coun- 
tries with low income (66%) 
or that are involved in conflict 
(18%), with suboptimal health 
care, disease surveillance, or 
prevention education. These 
factors allow outbreaks to go 
undetected before reaching 
epidemic thresholds, and Hajj pilgrims can become un- 
suspecting disease carriers. The intense and exhausting 
nature of the rituals, extreme desert temperatures, prox- 
imity between pilgrims during congregation and prayers, 
and commitment to share facilities all collectively create 
an ideal environment for infectious disease transmission. 
This year’s Hajj will be held in the shadows of recently 
documented outbreaks of cholera, Ebola virus disease, 
polio, Middle East respiratory syndrome, measles, men- 
ingitis, diphtheria, Lassa hemorrhagic fever, yellow fever, 
hepatitis, and Nipah virus infection across the countries 
of pilgrim origin. Hepatitis virus infections and tubercu- 
losis are endemic in many of the pilgrims’ home countries. 
Alkhurma virus is endemic in Saudi Arabia. Potential for 
zoonotic disease transmission exists through the animal 
sacrifice rituals, including of imported livestock. Yet only 


“This year’s Hajj will be 
held in the shadows of recently 
documented outbreaks...” 


three of these conditions require mandatory vaccination 
as an entry requirement for participation in the Hajj 
(meningococcal meningitis, polio, and yellow fever). 

In 2009, when the HIN1 influenza pandemic coincided 
with the Hajj, Saudi Arabia convened stakeholders to cre- 
ate a discipline called “mass gathering medicine.” Saudi 
Arabia strengthened real-time Hajj surveillance and 
set up a reporting system and emergency operations 
center to monitor pilgrim 
safety and infectious disease 
events. However, if diseases 
of high transmission poten- 
tial and case fatality such as 
Nipah virus or Ebola virus 
should emerge at the Hajj, 
Saudi Arabia’s response ca- 
pacities may not be sufficient 
to stall their impact. 

Surveillance at entry and 
exit points could quickly im- 
prove disease detection. Like- 
wise, travel services could 
ensure compliance with in- 
ternational health regulations 
at all departure and arrival 
ports. The Hajj pilgrim ven- 
ues and home country prepa- 
ratory venues could actually 
become one-stop points for 
multiple disease surveillance 
and education for preven- 
tion. It will also be impor- 
tant to create a stockpile of 
medicines and vaccines in the 
event of a disease outbreak. 
Such an endeavor will require investment by the World 
Health Organization and a multinational strategy that is 
coordinated by the Saudi Ministry of Health. 

Performing the Hajj is a deeply emotional wish of all 
Muslims, and many pilgrims save their lifelong earn- 
ings to participate. Thus, restrictions on participating 
in Hajj to reduce the risk of disease spread is a geopo- 
litical challenge for governments. Vision 2030 is a na- 
tional development initiative of Saudi Arabia that aims 
to support the expected growth in the international 
Hajj pilgrimage, which may reach 4.5 million by 2030. 
The initiative should involve pilgrim countries and in- 
ternational stakeholders to develop public health safe- 
guards for mass gatherings, which for many, may be a 
once-in-a-lifetime event. 

-Ziad A. Memish 
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Sizzling summer is linked to climate warming 


uly may not have been the hottest on record—that 
distinction goes to July 2016, according to the European 
Union’s Copernicus Climate Change Service. For many 
people suffering the effects, however, this summer’s 
raging forest fires and blistering heat waves stand out as 
exemplars of the impacts that human-driven warming is 
having worldwide. Across the western United States, thousands 
of wildfires have burned 2 million hectares since January, far 
above the average for the previous decade; in California, the 
Mendocino Complex fire this week became the largest in state 


history. Although warming is far from the only reason for these 
conflagrations in the western United States, which are also 
fueled by a legacy of fire suppression, scientists believe that in 
the past 3 decades human-induced warming has dried out 
more fuel, doubling the amount of forest burned compared 
with that from natural climate variability alone. Meanwhile, 
an unrelenting heat wave has gripped Europe, especially in 

the north; human-driven warming doubled the odds of it 
happening, according to a rapid study released in late July by 
scientists at the University of Oxford in the United Kingdom. 


Ebola emerges in conflict zone 


PUBLIC HEALTH | Just days after officials 
in the Democratic Republic of the Congo 
(DRC) celebrated the defeat of an Ebola 
outbreak, a new one began last week in 

a different part of the country, an armed 
conflict zone where health workers will 
have difficulty working safely. As of 

6 August, 16 confirmed and 27 probable 
cases of the disease were reported in six 
health districts in North Kivu province, 
and 34 people had died. The DRC’s health 
ministry says there’s no evidence they 

are linked to the previous outbreak in 
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Equateur province, on the opposite site of 
the country, which the ministry declared 


over on 24 July, after 54 cases and 33 deaths. 


The DRC has now had 10 outbreaks 

since Ebola’s virus was first discovered 
there in 1976, more than any other country. 
North Kivu province has seen fighting 
between government forces and rebels, 
and health teams may have to travel with 
armed escorts. “On the scale of degree of 
difficulty, trying to extinguish an outbreak 
of a deadly, high-threat pathogen in a war 
zone reaches the top of any of our scales,” 
said Peter Salama, head of the World 
Health Organization’s Health Emergencies 
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Programme in Geneva, Switzerland. An 
experimental Ebola vaccine that was 
used during the Equateur outbreak will 
likely be used again during the new one. 


Physicist faulted for groping 


WORKPLACE | Arizona State University 
(ASU) in Tempe concluded last week that 
Lawrence Krauss, an outspoken physics 
popularizer, grabbed a woman’s breast at 
a 2016 conference, violating ASU’s sexual 
harassment policy. “Responsive action 

is being taken to prevent any further 
recurrence of similar conduct,’ ASU 
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Firefighters use a back 

burn.to battle the Carr fire near 
Redding, California, which 

has been fueled by dry conditions. 


Executive Vice President and Provost 
Mark Searle wrote in a 31 July letter to 
Melanie Thomson, a microbiologist based 
in Ocean Grove, Australia, who provided 
the letter and the accompanying investiga- 
tive report to Science. In 2017, Thomson 
filed a complaint about the incident, 
which she witnessed during a convention 
in Melbourne, Australia. The university’s 
probe found that Krauss grabbed the 
unnamed woman’s breast after she took 

a selfie with him. He denied this to ASU 
investigators, but they found the preponder- 
ance of the evidence favored the accounts 
of the woman and multiple witnesses. An 
ASU spokesperson said Krauss remains on 
paid administrative leave, which ASU insti- 
tuted on 6 March. In July, the university 
declined to renew his position as director 
of ASU’s Origins Project, which explores 
the origins of the universe, life, disease, and 
social systems. In an email, Krauss wrote, 
“The process at ASU is ongoing, therefore 
I believe it would be inappropriate to com- 
ment at this time.” 


NSF wants to pick your brain 


RESEARCH PRIZES | Got an idea for 
research that could transform the world? 
The National Science Foundation (NSF) 
in Alexandria, Virginia, is all ears. The 
$7.8 billion agency is giving the pub- 

lic a chance to win glory—and some 
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money-— in its first-ever online contest, 
dubbed the NSF 2026 Idea Machine. “We 
don’t want [the idea] to be something 
NSF is already doing,” says Suzi Iacono, 
head of NSF’s Office of Integrative 
Activities. “We want it to be exciting, 

and original, and important.” Anyone 

can enter, from individual scientists to 
professional societies to a high school 
science class. And the grander the grand 
challenge, the better. “We don’t want sin- 
gle projects,” Iacono says, “but rather big 
umbrella themes, with lots of community 
engagement and involving all units at 
NSF.’ The contest website is scheduled 
to go live on 31 August and will be up for 
2 months; winners will be announced 
next summer. 


Tweets can aid science outreach 


SCIENCE COMMUNICATION | Some 
scientists start Twitter accounts to share 
their work and findings with audiences 
outside of their labs and field stations. 
But does this form of public outreach suc- 
ceed? To find out, two scholars examined 
the Twitter followers of 110 academic 
ecologists and evolutionary biologists 
who tweet mostly about science, rather 
than personal matters. These research- 
ers, mostly in the United States and the 
United Kingdom, had varying degrees 

of success reaching nonscientists. Those 
with fewer than 1000 followers attracted 
scientists as the large majority of their 
audience, the study found. But among 
researchers with bigger followings, mem- 
bers of the public and the media made 
up most of their followers, Isabelle Coté 
of Simon Fraser University in Burnaby, 
Canada, and Emily Darling of the 
University of Toronto in Canada report. 
Nonscientists amplified a scientist’s reach 
because their Twitter accounts typically 


Who follows scientists on Twitter 


@ Scientists © Organizations that apply science* 


@ Public Media @ Outreach groups** 
"BA 2 (3) 3% 2% 
8% 12% 9% 12% — 400% ae 3x, 12% + 2% 
0-499 500-999 1000-2499 >2500 


Number of followers 


*Nonprofit conservation groups, management agencies, etc. 
**Museums, zoos, science educators 
Note: Percentages are rounded. 
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Here, have some mosquitoes 


To combat the spread of dengue fever, 
caused by a mosquito-borne virus, 
researchers recently persuaded some 
7000 households in the northeastern 
Australian city of Townsville to accept 
an unusual request: Would they host 
a tub of mosquito eggs in their yards? 
The mosquitoes were infected with the 
bacterium Wolbachia, which reduces 
their ability to harbor certain viruses 
and spread them to humans. The 
sprawling effort, covering 66 square 
kilometers, wasn't designed to test 
whether the mosquitoes prevented 
dengue outbreaks—although they 
appeared to have that effect. It was 
instead a trial of how to deploy these 
winged disease fighters, which spread 
Wolbachia when they mate with 

wild mosquitoes, on a city-wide scale. 
The program's director, medical 
entomologist Scott O'Neill of Monash 
University in Melbourne, Australia, told 
Science about the project. 


Q: What was unique about this effort? 
A: Firstly, the size of it: Most other 
releases have been done on the scale 
of 1 or 2 square kilometers. And here, 
for most of the land area covered ... the 
community actually deployed the mos- 
quitoes on its own behalf. 


Q: Do people ever have a problem with 
putting mosquitoes in their backyard? 
A:: If the community is feeling like there’s 
too many mosquitoes around, then we 
would usually pull back or stop. But there 
was no organized opposition to the proj- 
ect in Townsville. If you're living in a place 
where there's regular, annual transmis- 
sion of a disease like dengue, and there's 
nothing actually working to prevent it, 
then people can be quite fearful of it. 


Q: Is it different trying to sell suburban 
Australians on this technology from 
people in poor countries? 

A: When we talk to the communities— 
whether it’s Townsville or a subsistence 
fishing village in central Vietham—the top 
two concerns are nearly always “Is it safe 
for me and my children if the mosqui- 
toes bite us?” and “Could there be some 
environmental impact that's not really 
understood by releasing the mosquito?” 
| think that we probably put much more 
emphasis on community engagement 
than any of the other teams I've seen 
working with other technologies. 
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had larger followings than scientist-run 
accounts, the pair notes. They say their 
research supports the view that building 
audiences on Twitter requires persis- 
tence and effective strategies. Their study 
appeared online on 28 June in Facets. 


Canada to unmuzzle scientists 


SCIENCE POLICY | Canada unveiled on 

30 July the country’s first science integrity 
policy, intended to reinforce the right of 
government scientists to speak about their 
work to the media. The guidelines address 
scientists’ complaints that they were 
muzzled under the previous Conservative 
government. Under the national policy, 


BIOANTHROPOLOGY 
Stonehenge remai 


ts 
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scientists can speak publicly without prior 
approval by their agencies, although they 
may be required to notify supervisors. 

It also lays out a mix of other protec- 
tions and expectations for government 
scientists, including avoiding conflicts of 
interest and making scientific findings 
transparent. Any department or agency 
that employs more than 10 scientists will 
be required to develop its own version 

of the policy by the end of the year and 
provide annual reports. The government’s 
chief science adviser developed the policy 
in cooperation with the Ottawa-based 
Professional Institute of the Public Service 
of Canada, a union that represents federal 
scientists. It “represents the culmination 


Chemical analysis yielded new clues 
about the origins of Stonehenge’s builders. 
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of over 3 years’ work by federal scientists 
in promoting scientific research and 
evidence-based policy within government,” 
said Debi Daviau, the union’s president. 


Four medals awarded, one stolen 


SCIENTIFIC PRIZES | The Fields Medal, 
often called the Nobel Prize of math- 
ematics, was awarded last week to four 
prominent young mathematicians: Caucher 
Birkar of the University of Cambridge in 
the United Kingdom, Alessio Figalli of 
ETZ Zurich in Switzerland, Peter Scholze 
of the University of Bonn in Germany, 
and Akshay Venkatesh of the Institute for 
Advanced Study in Princeton, New Jersey. 
The International Mathematical Union, 
which gives out the awards every 4 years 
to mathematicians age 40 or younger, rec- 
ognized these winners for groundbreaking 
work in categorizing equations, optimal 
transport theory, arithmetic geometry, 
numbers theory, and other mathematical 
subfields. Minutes after Birkar received 
his medal, he noticed that his briefcase, 
where he had placed it, was missing. The 
briefcase was later recovered outside the 
ceremony venue in Rio de Janeiro, Brazil, 
but the medal was gone. 


Review calls for Mars sequel 


PLANETARY SCIENCE | NASA needs to 
prepare for future explorations of Mars 
beyond an upcoming mission to collect 
rock samples, the National Academies 

of Sciences, Engineering, and Medicine 
writes in a report this week. It provides 

a midpoint assessment of the agency’s 
performance on planetary science projects 
since the academies’ 2011 decadal survey, 
which recommended priorities for 2013 

to 2022. In 2020, NASA plans to address 
one priority by launching a $2.4 billion 
rover to drill samples from Mars and 

store the rocks there; a separate mission 
would return the samples to Earth. The 
report warns, though, “There is currently 
no vision for a program beyond sample 
return, either for scientific investigation 

or to prepare for future human explora- 
tion.” Otherwise the report largely endorses 
NASA’ efforts, although it notes the agency 
seems likely to fall short of meeting the 
recommended cadence for its competitively 
awarded Discovery and New Frontiers 
mission programs; NASA would need to 
pick three additional Discovery missions 
and one more New Frontiers to meet the 
decadal report’s recommendation. 
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Drought records in stalagmites 
from Mawmluh Cave in India’s 
Meghalaya state are ambiguous. 


New geological age comes under fire 


Timing and extent of ancient drought used to define the Meghalayan are uncertain 


By Paul Voosen 


ast month, the International Com- 

mission on Stratigraphy (ICS), the 

bureaucracy that governs geological 

time, declared we are living in a new 

geological age. No, it’s not the Anthro- 

pocene, the much-debated proposal 
for a geological division defined by human 
impact on Earth. The new age anointed 
by ICS is called the Meghalayan, based on 
signs in the rock record of a global drought 
that began about 4200 years ago. It is one 
of three newly named subdivisions of the 
Holocene, the geological epoch that began 
11,700 years ago with the retreat of ice age 
glaciers. And the name will now filter its 
way into textbooks. 

Many scientists say, however, that the 
“4.2-kiloyear event” was neither a global 
drought nor fixed to that moment in time. 
“The whole idea of defining the subdivision 
ofthe Holocene with a break at 4.2 seems a bit 
baseless,” says Raymond Bradley, a climato- 
logist at the University of Massachusetts in 
Amherst. Jessica Tierney, a pa- 
leoclimatologist at the Univer- 
sity of Arizona in Tucson, says 
ICS, following the lead of some 
paleoclimate scientists, mistak- 
enly lumped together evidence 
of other droughts and wet peri- 
ods, sometimes centuries away 
from the 4200-year-old event, 
to mark the beginning of the 
Meghalayan. This is a “paleo- 
climate white whale,” she says. 


Epoch 


| 
11,700 
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Age  Greenlandian 


The first clues to the Meghalayan came 
from archaeology. In the early 1990s, 
Harvey Weiss, an archaeologist at Yale Uni- 
versity, was excavating a compelling story 
of drought-induced collapse in Mesopota- 
mia. At Tell Leilan, an ancient city of the 
Akkadian Empire in northeastern Syria, he 
found evidence that drought pushed people 
out of the city 4200 years ago. The signal 
repeated across much of Mesopotamia. 

It was a good starting point for Mike 
Walker, a geologist at the University of Wales 
in Lampeter who a decade ago began the ef- 
fort to divide the Holocene. Scientists com- 
monly talk about an early, middle, and late 
Holocene—tracking the glaciers’ retreat and 
partial return—but with wildly different 
time spans in mind. ICS asked Walker to 
standardize those divisions for the sake of 
clear scientific communication. But although 
abrupt changes in the rock record mark ear- 
lier geological divisions, such changes are 
scarce in the relatively calm Holocene. 

Finding a date to divide the early and 
middle Holocene, now dubbed the Green- 


Rocks of ages 


Geologists have divided the Holocene into three ages. One, the Meghalayan, is based 
on controversial evidence. A new epoch, the Anthropocene, is still under debate. 


Holocene 
Northgrippian Meghalayan 


| i 
8200 4200 Present 


Years before present 
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landian and Northgrippian, was easy, Walker 
says. About 8200 years ago, an outburst of 
freshwater from naturally dammed glacial 
lakes poured into the North Atlantic Ocean. 
The floods are believed to have disrupted a 
conveyor belt of ocean currents, leading to 
signals of global cooling that can be reliably 
found in ice cores, lakebeds, and cave rocks. 
But the second division proved harder. “We 
were struggling,” Walker says. Fortunately, 
some paleoclimate scientists were picking 
up where Weiss’s archaeological work left 
off. Signs of a 4200-year-old drought were 
emerging in the Mediterranean, the Ameri- 
cas, and Asia, where researchers linked it 
to a weakened monsoon. In 2012, paleo- 
climatologists reported an analysis of a sta- 
lagmite from Mawmluh Cave, a limestone 
complex in Meghalaya state, a wet part of 
northeastern India. Stalagmites, calcium 
carbonate formations on the floors of caves, 
grow drip by drip as mineral-rich rainwater 
seeps in. In the Mawmluh stalagmite, a shift 
in oxygen isotopes seemed to show a stark 
drying around 4200 years ago, a clear sig- 
nal of centuries-long drought. 
Walker thought the stalagmite 
signal could serve as the perfect 
geological exemplar, or “golden 
spike,” marking the beginning of 
the Meghalayan. In June, a few 
dozen geologists from ICS and 
its parent body ratified Walker’s 
proposal for the new ages with 
little dissent. 
Paleoclimatologist Ashish 
Sinha is surprised that ICS used 
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the stalagmite for its golden spike—and few 
know it better, as it was his lab at California 
State University in Dominguez Hills that 
found and analyzed it. His team could date 
only a few of the stalagmite’s layers, and 
water had partially dissolved the rock close 
to the drying event, potentially blurring the 
record. An unpublished analysis of other 
Meghalayan stalagmites by paleoclimate 
scientists from Xi’an Jiaotong University in 
China adds to the doubts: It found a steady 
weakening of the monsoon over more than 
600 years, rather than a sudden drought 
4200 years ago. The closest thing to a sharp 
drought can be seen 4000 years ago, in a 
few decades-long events. These excursions 
could be said to match the golden spike “to 
an extent,” says Gayatri Kathayat, who led 
the research, “but not entirely.” 

Elsewhere in the world, the 4200-year-old 
event is even less apparent, according to a 
team at Northern Arizona University (NAU) 
in Flagstaff. Over the past few years, the 
NAU team has amassed 550 published paleo- 
climate records of temperature and moisture 
change during the Holocene, based mainly 
on stalagmites, lake sediments, and ice cores. 
Graduate student Hannah Kolus scrutinized 
the records in vain for significant changes 
in global temperature or moisture about 
4200 years ago. “You don’t see that signal at 
all,’ Kolus says. 

The archaeological evidence is also far 
from definitive, adds Mark Altaweel, an 
archaeologist at University College London. 
He says political collapse, not drought, may 
have doomed some settlements in Mesopo- 
tamia. And in ancient Egypt, Greece, and 
elsewhere the evidence of a global drought 
is even murkier, adds Guy Middleton, 
an archaeologist at Charles University in 
Prague. “Nothing happened as suddenly or 
as synchronously as made out.” The drought 
makes no sense as a marker, he says. “It is 
new mythmaking.” 

Walker wishes Kathayat’s new stalagmite 
records had been published in time for their 
proposal. But he thinks that, though scat- 
tered in time and space, the signs of drought 
are good enough to define a new division that 
geologists can use to clarify their discussions 
of the Holocene. “The fact that this is ex- 
tremely damned close is encouraging for us,” 
Walker adds. For Bradley, it shows the stark 
division between ICS, which studies Earth’s 
deep history, and scientists who study the re- 
cent past. “[We’re] on totally different pages, 
really totally different books,” Bradley says. 

Critics of the Meghalayan will have plenty 
of time to bolster their arguments because 
for now, debate is over. To prevent continual 
spats, ICS freezes discussion for a decade af- 
ter it ratifies a boundary. “It gives time for 
new ideas to bed down,” Walker says. 
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March of Dimes curtails 
support for researchers 


Cuts at historic nonprofit leave grantees fuming 


By Kelly Servick 


arch of Dimes, the 80-year-old 

nonprofit organization that helped 

develop the polio vaccine and has 

funded pioneering studies of birth 

defects, is abruptly scaling back 

some research grants amid finan- 
cial struggles. Scientists have been caught 
by surprise. 

In recent weeks, the group has told 37 of 
the 42 recipients of its individual investi- 
gator awards that it is ending their grants, 
which average $300,000 over 3 years. It 
plans to maintain the remaining awards 
at reduced levels; all five are focused on 
understanding and preventing premature 
birth. The group, based in White Plains, 
New York, is also trimming grants to its 
prematurity research cen- 
ters, which are housed at ac- 
ademic institutions around 
the United States. It will not 


“The lack of 


Jasin of Memorial Sloan Kettering Cancer 
Center in New York City, who had a $250,000 
award from March of Dimes to study a pro- 
tein that influences DNA rearrangement dur- 
ing sperm and egg formation. “It’s really a 
shame that there will now be this hole.” 

Jasin and other grantees say they were 
blindsided by the cuts, and now are scram- 
bling to find ways to support graduate stu- 
dents and activities funded by the grants. 
“The way they’ve approached this has been 
completely inhumane,” says molecular bio- 
logist Andrew Holland of Johns Hopkins 
University School of Medicine in Baltimore, 
Maryland, who had a 3-year, $250,000 
grant from March of Dimes to study the 
role of a genetic pathway in microcephaly. 
A late July email from the group informed 
him that he would not be receiving the 
remaining $160,000 on the 
grant. “The lack of transpar- 
ency has been nothing short 
of appalling,” he says. 


award any new grants this transparency Chromosome biologist 
year, but still plans to give h b Andreas Hochwagen of New 
out eight to 10 of its 2-year, as veen York University in New York 
$150,000 awards for young nothing short City, who had a March of 


scientists in 2019. 

March of Dimes has 
trimmed about $3 million 
from its annual research bud- 
get of roughly $20 million 
this year, says Kelle Moley, the group’s chief 
scientific officer. She attributes the group’s 
struggles to declining donations, particularly 
from the organization’s signature March for 
Babies. “The walks were our main funding 
source ... and now there’s a million differ- 
ent kinds of walks,” Moley says. “They’re just 
not getting the donations that we used to get 
10 or 20 years ago.” Tax filings show that the 
group’s expenses have exceeded revenues 
each year from 2012 to 2016. It announced 
last year that it would sell its headquarters 
in White Plains. 

The cuts also reflect a strategic shift to 
focus research spending on preterm birth, 
which Moley calls “the biggest threat right 
now facing newborn babies.” 

Researchers are lamenting the loss of a 
key funding source for an often overlooked 
area of research. “These sort of basic research 
grants in developmental biology are hard to 
come by,’ says developmental biologist Maria 
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of appalling.” 
Andrew Holland, 
Johns Hopkins Universty 


Dimes grant to probe chro- 
mosomal mishaps during the 
creation of sperm and egg 
cells, was startled to learn 
in late July that the group 
would pay only for project expenses in- 
curred through June. “For the whole month 
of July ... they didn’t tell me that I wasn’t 
being supported anymore,” he says. “That I 
find a little outrageous.” 

Moley acknowledged that the cuts have 
created “a little bit of a gap” for some re- 
searchers. “I understand this is difficult for 
them, and I know the March of Dimes has 
been very generous in the past,” she says. 
She also says the organization has been 
seeking more corporate donors. “I’m hop- 
ing that as we go forward, and as our plan 
is working ... we can go back to funding a 
more broad focus.” 

March of Dimes has changed course 
before. It was founded in 1938 by then- 
President Franklin Roosevelt as the National 
Foundation for Infantile Paralysis and funded 
pioneering efforts to develop a polio vaccine. 
When such vaccines became widely available, 
the group shifted its focus to birth defects. 
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Hybrids spawned Lake 
Victoria’s rich fish diversity 


Cichlid speciation helped by pre-existing genetic variation 


By Elizabeth Pennisi, in Waimea, Hawaii 


n the shallow waters of Lake Victoria, the 
world’s largest tropical lake, swim some 
500 species of cichlid fish with a dizzy- 
ing variety of appearances, habitats, and 
behaviors. Genomic studies have shown 
they arose from a few ancestral species 

in just 15,000 years, a pace that has left re- 
searchers baffled about how so much genetic 
variation could have evolved so quickly. Now, 
extensive sequencing of cichlids from around 
Lake Victoria suggests much of it was there 
at the start, in the cichlids’ ancestors. Ancient 
and more recent dallying between cichlid 
species from multiple watersheds apparently 
led to genetically diverse hybrids that could 
quickly adapt to life in the lake’s many niches. 
Reported last week at the Origins of 
Adaptive Radiation meeting here, the work 
is “a tour de force, with many lines of evi- 
dence,” says Marguerite Butler, a functional 
morphologist at the University of Hawaii in 
Honolulu. It joins other research suggesting 
that hybridization is a powerful force in evo- 
lution (Science, 18 November 2016, p. 817). 
“What hybridization is doing is allowing the 
good stuff to be packed together,’ Butler says. 
Some of Lake Victoria’s cichlids nibble 
plants; others feed on invertebrates; big 
ones feast on other fish; lake bottom lov- 
ers consume detritus. Species vary in length 
from a few centimeters to about 30 centi- 
meters; come in an array of shapes, colors, 
and patterns; and dwell in different parts 
of the lake. Mutations don’t usually hap- 
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pen fast enough to produce such variety so 
quickly. “It’s been really hard to figure out 
what’s going on,” says Rosemary Gillespie, 
an evolutionary biologist at the University 
of California, Berkeley. 

Ole Seehausen, an evolutionary biologist 
at the University of Bern who has studied 
cichlids for more than 25 years, wondered 
whether hybridization could have gener- 
ated the genetic raw material. In earlier re- 
search, his team collected cichlids from the 
rivers and lakes surrounding Lake Victoria 
and partly sequenced each species’s DNA to 
build a family tree. Its branching pattern 
indicated that Lake Victoria’s cichlids are 
closely related to a species from the Congo 
River and one from the Upper Nile River 
watershed, the group reported last year in 
Nature Communications. 

A close look at all their genomes suggested 
the two river species hybridized with each 
other long ago. Seehausen proposed that 
during a warm spell about 130,000 years 
ago, water from tributaries of the Malagarasi 
River, itself a tributary of the Congo, tem- 
porarily flowed into Lake Victoria, bringing 
Congo fish into contact with Upper Nile fish. 

To explore the cichlids’ genetic history in 
more detail, Seehausen and postdocs Matt 
McGee, Joana Meier, and David Marques 
have now sequenced 450 whole cichlid 
genomes, representing many varieties of 
150 species from the area’s lakes, and from the 
Congo, Upper Nile, and other nearby water- 
sheds. Clues in the genomes suggest multiple 
episodes of mixing took place. Periods of dry- 
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Lake Victoria is home to hundreds of cichlid species, 
diverse in both appearance and behavior. 


ing have repeatedly caused Lake Victoria to 
disappear, and Seehausen and his team pro- 
pose that fish in the remaining waterways 
evolved independently until wetter periods 
reunited them. This “fission-fusion-fission” 
process restored genetic diversity each time. 

About 15,000 years ago, three groups of 
fish, themselves products of the ancient hy- 
bridizations, came together in Lake Victoria 
as it filled again. Their ancestry provided 
the “standing variation” that natural selec- 
tion could pick from to help the fish adapt 
to a vast range of niches, producing the 
cichlid bounty seen today. “Hybridization 
may turn out to be the most powerful en- 
gine of new species and new adaptations,” 
Seehausen says. 

“It’s mind-blowing,” says Dolph Schluter, 
an evolutionary biologist at The University 
of British Columbia in Vancouver, Canada. 
“All the variation required for speciation is 
already there” in the hybrids. 

Studies of other species also suggest 
standing variation can speed evolution. 
Biologists trying to understand how marine 
sticklebacks adapted so quickly to living in 
freshwater have discovered that a crucial 
gene variant was already present—in low 
percentages—in the fishes’ marine ancestors. 
At the meeting, researchers offered similar 
stories of standing variation jump-starting 
diversification, for example enabling long- 
winged beetles to evolve into short-winged 
ones on the Galapagos Islands. “I’ve never 
seen so many talks where you have evidence 
that genes are borrowed from old variation 
and further evolution is somehow facilitated 
by that,’ Schluter says. 

Andrew Hendry, an evolutionary biologist 
at McGill University in Montreal, Canada, 
cautions colleagues not to completely dis- 
miss new mutations in rapid species diversi- 
fication: “What’s not clear to me is whether 
[the role of ancient hybridization] is a gen- 
eral phenomenon,” he says. 

Regardless, “The implications for conser- 
vation are blaring,” says Oliver Ryder, who 
heads conservation genetics efforts at the 
San Diego Zoo in California. Endangered 
species are currently managed as repro- 
ductively isolated units, and conservation- 
ists are reluctant to bolster populations 
by breeding the threatened animal with 
related species or populations. Eight years 
ago, however, a controversial program that 
mated Florida panthers with Texas cougars 
helped rescue the former from extinction. 
Studies such as Seehausen’s, says Ryder, 
suggest that in the long run, hybridization 
is important to preserving a species’s evolu- 
tionary potential. 
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Hope blooms for Hawaii's 
iconic native tree 


Some Ohi'‘a trees resist foreign fungi—and fencing out 
animals can also protect the trees from fatal infections 


By Elizabeth Pennisi 


awaii’s red-blossomed ‘ohi‘a is tough 

enough to colonize recent lava flows, 

but until this summer the iconic native 

tree seemed doomed. Four years ago, 

an invasive fungus began to kill ‘Ohi‘a 

(Metrosideros polymorpha) on the is- 
land of Hawaii; by now, the blight has spread 
across 800 square kilometers. The news got 
worse in May, when dying trees tested posi- 
tive for the fungus on the neighboring island 
of Kauai, fueling fears that rapid ‘Ohi‘a death 
(ROD) would span the state. 

But the picture brightened at a meeting 
on Oahu late last month. Aerial surveys and 
studies on land and in the lab now suggest 
that some ‘Ohi‘a will survive. The killer fun- 
gus turns out to be two distantly related spe- 
cies, one of them less deadly to ‘ohi‘a, and 
some trees seem to have a native resistance 
to both strains. Management practices such 
as fencing out animals also appear to slow 
the spread of the fungus. “We are not going 
to see an extinction of ‘Ohi‘a,” predicts Flint 
Hughes of the U.S. Forest Service’s Pacific 
Southwest Research Station in Hilo, who is 
coordinating ROD research. “As we under- 
stand it more, our management tools are 
improving and we are learning about the 
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potential weak points of the fungus and the 
strengths of ‘Ohi‘a.” 

At the annual Hawaiian Conservation 
Conference in Honolulu from 24 to 26 July, 
Lisa Keith, a research plant pathologist with 
the U.S. Department of Agriculture’s Agricul- 
tural Research Service in Hilo, described key 
differences between the two ‘Ohi‘a killers: 
Ceratocystis lukuohia, which slays trees in 
weeks by clogging their circulatory systems, 
and C. huliohia, which causes canker sores 
and seems less deadly. Related fungi cause 
rot in sweet potatoes and pineapples, and 
affect cacao and mango trees, among other 
plants. Keith’s genetic studies determined 
that the ‘Ohi‘a’s deadlier foe comes from Latin 
America, whereas the less aggressive fungus, 
which is infecting trees on Kauai, may have 
been imported from Asia or Australia. 

Some trees are also more resilient, Keith 
and her colleagues found when they in- 
fected each of Hawaii island’s five varieties 
of ‘ohi‘a with the two fungi. “There’s defi- 
nitely variability” in how the seedlings re- 
spond, she says, with some still alive after 
1.5 years, even after being infected with the 
deadlier species. 

Aerial drone surveys confirm the 
lab findings. For the past several years, 
Ryan Perroy and Timo Sullivan from the 
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‘Ohi‘a are tough enough to thrive on new lava but can 
be downed by invasive fungi. 


University of Hawaii (UH) in Hilo have 
flown cameras above the treetops in four 
40-hectare sites on the island. The prog- 
ress of the disease is easy to track in the 
drone images: Affected trees turn dark red, 
then silvery gray as they die. At two of the 
sites, Sullivan reported at the meeting, 
ROD’s spread has greatly slowed, and the 
number of infected trees has hovered be- 
tween 30% and 40%, compared with nearly 
100% in the initial outbreak. 

Larger trees seem most susceptible, pos- 
sibly because they are more injury-prone 
and provide a greater target for windborne 
sawdust carrying the pathogens. In addi- 
tion, Sullivan says, “Fences appear to make 
a difference,’ with more trees surviving in 
enclosed areas. Because the fungi seem to 
infect only wounded trees—such as those 
on which animals have rubbed, munched, 
or rooted around the base—those behind 
fences are less vulnerable, he suggests. 

Gregory Asner, an ecologist with the 
Carnegie Institution for Science in Palo Alto, 
California, has seen the same pattern in air- 
craft surveys of Hawaii island. He detects 
early signs of the blight with an onboard 
spectrometer sensitive to changes in ‘Ohi‘a 
leaf water, sugars, and defensive chemical 
content. By overlaying those data on land- 
use maps, Asner says he, too, has turned 
up “some really strong evidence that feral 
animals are spreading the fungus,” again 
by wounding trees and making them more 
susceptible to infection. Domestic livestock 
can also do damage. Studies on the ground 
provide further support: Hughes’s team set 
up 200 0.1-hectare plots across the island 
of Hawaii, fenced and unfenced, and found 
the protected trees were healthier. “Know- 
ing that fences can have a very positive im- 
pact is very exciting,” he says. 

Ironically, another Hawaiian icon—the 
Kilauea voleano—may aid the ‘ohi‘a. The 
fungus has done the most damage in the 
Puna district of the island of Hawaii. That 
area happens to be where this spring lava 
began spewing out of a giant fissure, de- 
stroying hundreds of homes. “It’s absolutely 
terrible,’ says Rebecca Ostertag, a tropi- 
cal forest ecologist at UH. “But there is a 
small sliver of a silver lining.” In many ar- 
eas devastated by ROD, foresters are wor- 
ried ‘Ohi‘a won't be able to return because 
fast growing invasive trees, such as straw- 
berry guava, will crowd them out. But that 
won’t happen on Puna’s fresh lava fields. 
‘Ohi‘a is always the first—and often, the 
only—tree to get a foothold in such land- 
scapes. So, Hughes says, “Those new lava 
flows will give ‘Ohi‘a a chance to recover.” 
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CELL BIOLOGY 


Infrared method could safely identify cells 


Researchers use powerful synchrotron radiation to profile cell types 


By Mitch Leslie 


o identify a cell, researchers often 

have to abuse it—rip it from its home, 

douse it with toxic fixatives, doctor 

its DNA, or coerce it into making 

exotic proteins that could upset its 

biochemistry. Even if the cell sur- 
vives, it may never be the same again. But 
a strong yet gentle beam of light could one 
day allow researchers to classify cells while 
leaving them unharmed and alive for ad- 
ditional study. 

A team led by biophysicist Cynthia 
McMurray and physicist Michael Martin of 
the Lawrence Berkeley National Laboratory 
(LBNL) in California has found that by scan- 
ning cells with an intense beam of infrared 
radiation produced by a syn- 
chrotron, a type of particle 
accelerator, they can capture 
a biochemical signature that 
reveals cells’ identities. 

The researchers presented 
early results from the method 
in June at a meeting in the 
United Kingdom, and they 
are now evaluating it with 
a l-year pilot grant from 
the Chan Zuckerberg Initia- 
tive (CZI). If it works, the 
team’s spectral phenotyp- 
ing technique could provide 
a tool for another endeavor 
backed by CZI: the Human 
Cell Atlas, an international 
project that aims to chart the type and lo- 
cation of every cell in the body. And if the 
synchrotron-driven method can be adapted 
to more modest infrared instruments avail- 
able to other labs and hospitals, spectral 
phenotyping might one day also help diag- 
nose illnesses, probe the cellular changes 
that lead to disease, and delve into embry- 
onic development. “The tools we are put- 
ting together will blow open this field,” 
McMurray predicts. 

Scientists who are familiar with the 
still unpublished results call the approach 
promising. “I’m looking forward to seeing 
the research that’s going to come out,” says 
spectroscopist Peter Gardner of The Univer- 
sity of Manchester in the United Kingdom. 
Chemical physicist Hugh Byrne of the Dub- 
lin Institute of Technology is impressed by 
how thoroughly the group is testing its ap- 
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proach. “It’s a concerted program to dem- 
onstrate the capabilities of the technique.” 
Martin and McMurray like to contrast 
their approach with a widely used cell- 
identification technique: fluorescent la- 
beling. To spur cells of a specific type to 
produce a label such as green fluorescent 
protein (GFP), scientists have to equip 
them with the molecule's gene. The tech- 
niques for adding DNA can alter the cells, 
and because GFP is foreign to them— 
its originally from a jellyfish—it could 
also modify their physiology. Moreover, 
McMurray notes, researchers typically 
have to zap fluorescent labels with a la- 
ser to induce them to light up, which can 
harm or kill cells. Other techniques are no 
less invasive. “If you are doing labeling or 


In tissue from a mouse’s brain, seen at lower (left) and higher magnification (right), 
infrared spectroscopy can distinguish astrocytes (red) from neurons (green). 


staining, you are changing the true chem- 
istry” of cells, Martin says. “We want to ex- 
plore what the chemistry is, not alter it to 
do the measurements.” 

That’s where infrared spectroscopy 
comes in. “Infrared is not invasive, so it can 
be used on intact tissues and living cells,” 
McMurray says. When a sample is exposed 
to different wavelengths of infrared radia- 
tion, how much light of each wavelength 
it absorbs indicates the kinds of chemi- 
cal groups it contains. Unlike fluorescent 
labeling, the absorption pattern usually 
can’t reveal whether a cell is producing 
a specific molecule—for example, the im- 
mune receptors CD4 or CD8, which are 
often used to define two classes of T cells. 
But a cell’s infrared spectrum does reveal 
broad types of molecules—such as fats and 
proteins—providing a biochemical finger- 
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print. As a result, “You get a much more 
holistic picture of the cell,” Byrne says. 

Martin and McMurray say standard 
infrared sources don’t provide the sensi- 
tivity they needed, so the team turned to 
LBNL’s Advanced Light Source synchro- 
tron, whose infrared beam is one of the 
brightest in the world. It “allows us to 
get better resolution and fidelity,’ Martin 
says. At the June SPEC2018 conference in 
Glasgow, U.K., McMurray and Martin re- 
vealed they could discriminate two types 
of brain cells—neurons and astrocytes—in 
slices of brain from mice. In brain tissue 
from rodents with a condition mimicking 
Huntington disease, they could also detect 
an increase in lipids that indicates de- 
generation. In the future, the researchers 
plan to automate cell identi- 
fication by enlisting machine 
learning algorithms to pick 
out distinguishing features of 
each cell type. 

McMurray and her col- 
leagues still need to deter- 
mine whether a cell’s spectral 
signature remains constant 
or varies with its location in 
the body. For potential medi- 
cal uses, they also want to find 
out whether a human cell’s 
infrared signature changes 
when a person becomes ill. 
So far, however, the research- 
ers have analyzed only mouse 
tissues. “We wanted to make 
sure the method is robust,” McMurray says. 

One limitation of the new technique is 
obvious—synchrotrons are huge, expen- 
sive, and rare, and often have months-long 
waiting lists. “You aren’t going to be tak- 
ing your synchrotron into the hospital,” 
Gardner says. But lab machines are rap- 
idly approaching the infrared-generating 
power of particle accelerators, he notes. 
McMurray adds that after using the syn- 
chrotron to pinpoint distinctive spectral 
patterns for a variety of cell types, the re- 
searchers plan to publish a catalog that 
would allow other scientists to compare 
results from their own samples, even ones 
captured with less discerning lab devices. 

Gardner expects the project to have an 
impact. “They have the tools, the expertise, 
and the personnel to accelerate this work,” 
he says. | 
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CONTROL FREAKS 


Importing an exotic species for pest control takes years 
of preparation. What happens when it arrives on its own? 


By Kelly Servick, in Bridgeton, New Jersey 
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The samurai wasp 
(Trissolcus japonicus) 
arrived by accident in 
the United States 
before scientists were 
ready to release it. 


542 10 AUGUST 2018 + VOL 361 ISSUE 6402 sciencemag.org SCIENCE 


Published by AAAS 


PENM3 NOATOTOBMIA FPYNNA "What's News” VK.COM/WSNWS 


NEWS 


CREDITS: (MAP) STOP BROWN MARMORATED STINK BUG, ADAPTED BY N. DESAI/SCIENCE; (DATA) KIM HOELMER AND JIM WALGENBACH; (PHOTO, OPPOSITE PAGE) ELIJAH TALAMAS 


n a peach orchard down a rural road 
here, an uninvited guest has run amok. 
The brown marmorated — stinkbug 
(Halyomorpha halys) has been gorg- 
ing on the unripe fruit. The bugs have 
sunk their needle-sharp stylets into the 
peaches, creating wounds that ooze a 
clear, sugary goo; form corky brown 
blemishes; and leave the trees more 
vulnerable to infection. 

In this orchard, managed by the Rutgers 
University Agricultural Research and Ex- 
tension Center, the mottled, shield-shaped 
stinkbug is a research subject. In sur- 
rounding farms and homes, however, it’s a 
despised invasive pest known for its indis- 
criminate appetite, its tendency to escape 
cold weather by crowding into homes— 
sometimes by the thousands—and the 
pungent, cilantrolike odor it releases when 
crushed. (Exterminators often recommend 
that homeowners vacuum up the insects in- 
stead.) Native to Asia, the bug was first spot- 
ted in the United States in 1998; it has since 
reached 43 states and Washington, D.C., 
attacking fruit trees, corn, soybeans, ber- 
ries, tomatoes, and other crops. Statistics 
are scarce, but an industry group estimates 
that Mid-Atlantic apple growers alone lost 
$37 million to stinkbug damage in 2010. 

In the peach orchard, however, another 
surprise invader also is on the march—and 
it may prove to be the stinkbug’s nemesis. 

Like many invasive species, the brown 
marmorated stinkbug has no major en- 
emies in its new home to keep its popula- 
tion in check. So in 2005, entomologist Kim 
Hoelmer and his team at the U.S. Depart- 
ment of Agriculture’s (USDA’s) Agricultural 
Research Service (ARS) in Newark, Dela- 
ware, turned to a strategy known as classi- 
cal biological control: They traveled to Asia 
to find natural enemies of the stinkbug that 
they might release in the United States. 

Fanning out to agricultural fields and 
botanical gardens, the team searched for 
the bug’s tiny clusters of barrel-shaped 
eggs. They checked whether any had been 
invaded by parasitoid wasps, which inject 
their own eggs into the stinkbug’s, leaving 
larvae that eat the developing bugs before 
chewing their way out. By far the most 
pervasive parasite they found was the sam- 
urai wasp (Trissolcus japonicus), which, de- 
spite its fearsome name, is stingerless and 
smaller than a sesame seed. The ARS team 
imported several strains of the wasp to a 
quarantined facility in Newark and began 
painstaking tests to decide whether it was a 
good biocontrol candidate. 

Then in 2014, Hoelmer got an unexpected 
phone call. Elijah Talamas, a taxonomist 
at the Florida Department of Agriculture 
and Consumer Services in Gainesville, had 
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been helping another ARS team identify 
native wasps parasitizing stinkbug eggs in 
Maryland. Talamas, an expert on Trissol- 
cus species, had recognized that some were 
samurai wasps. 

“It was stunning news,” Hoelmer recalls. 
He had spent years studying the wasp in the 
lab to make sure that, if released, it would 
do its job without harming native species. 
But the insect was already here. Genetic 
tests confirmed that the wasps in Maryland 
hadn’t escaped from any of his quarantined 
strains. Somehow, they had immigrated on 
their own. 

Over the decades, a variety of uninvited 
biocontrol candidates have popped up on 
new continents, including a fungus that 
kills forest-stripping gypsy moths and a 


The team at the peach orchard, for exam- 
ple, is one of about a dozen U.S. groups now 
releasing the samurai wasp into fields and 
orchards to see whether it will be an ally 
in fighting the exotic stinkbugs—or yet an- 
other problematic invader. 


CLASSICAL BIOLOGICAL CONTROL has logged 
some undeniable successes, such the release 
of the South American wasp Apoanagyrus 
lopezi in Africa in the 1980s to control the 
cassava mealybug (Phenacoccus manihoti). 
That project preserved a staple crop and 
saved an estimated 20 million lives, earn- 
ing its architect, Swiss entomologist Hans 
Rudolf Herren, the 1995 World Food Prize. 
But many of the best-known biocontrol ef- 
forts are the historical disasters: the mon- 


Ancient enemies reunited 


Since the samurai wasp’s first U.S. appearance in 2014, surveys have turned up at least three 
genetically distinct populations in areas affected by the brown marmorated stinkbug. 


_ Stinkbugs detected 

© Nuisance problems only 
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beetle that devours allergy-inducing rag- 
weed. “The examples definitely are piling 
up,” says Donald Weber, an ARS entomo- 
logist in College Park, Maryland, whose 
team found the first U.S. samurai wasps. 
“We've had this mindset that natural en- 
emies would be less likely to establish” than 
invasive pests, he says. But sometimes, “It 
might be fairly easy.” 

Those unexpected arrivals can unsettle 
scientists and regulators. Rules aimed at 
carefully controlling insect releases can 
seem nonsensical when the species in ques- 
tion is already happily spreading on its 
own. And the arrival of the samurai wasp— 
a promising biocontrol agent against a 
high-profile pest, with a formal proposal for 
release already in the works—has prompted 
a fresh look at some U.S. regulations. 

But unplanned introductions also free 
researchers from some of the usual con- 
straints, allowing them to explore key ques- 
tions about a biocontrol agent’s impact in 
field experiments rather than just the lab. 
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First field recovery of samurai wasps 
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gooses unleashed for rat control in Hawaii in 
1883 that devastated native birds and turtles, 
and the cane toads sent to Australia in 1935 
that failed to control sugarcane-destroying 
beetles but—because the toads themselves 
are poisonous—killed native reptiles, frogs, 
birds, and mammals that ate the toads. 

As the field matured, many nations 
began to strictly regulate the release of 
biocontrol agents—which can include in- 
sects, fungi, and bacteria—and required 
studies to predict potential “nontarget ef- 
fects.” As Weber puts it, “People are a lot 
more responsible now than when they were 
running around releasing mongooses.” In 
the United States, researchers must sub- 
mit a proposal to USDA’s Animal and Plant 
Health Inspection Service (APHIS). That 
proposal must include data from lab exper- 
iments gauging whether their candidate 
is likely to eat or parasitize species other 
than the targeted pest. Three groups then 
vet the evidence of its safety: a scientific 
review panel with representatives from 
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Canada and Mexico, an APHIS official, and 
sometimes the U.S. Fish and Wildlife Ser- 
vice. The process can take years. 

But organisms have a way of sidestep- 
ping bureaucracy. Over and over, poten- 
tially beneficial species have popped up 
uninvited, likely reaching new continents 
by the same shadowy routes of inter- 
national trade and travel that spread pests. 
Entomologist Paul DeBach of the Univer- 
sity of California, Riverside, in a 1971 es- 
say, called this phenomenon fortuitous 
biological control. And it can be a boon. 
Recently, the North American leaf beetle 
(Ophraella communa), which feeds on the 
invasive ragweed Ambrosia artemisitfolia, 
sneaked into Europe, potentially saving 
many people from pollen-induced misery. 


a canola plant pest, in Canadian prairies. 
Then in 2009, the wasp appeared on its 
own, in Quebec in Canada. “I was very dis- 
appointed,” Haye says. 

Moreover, such invaders don’t always 
prove fortuitous. A team led by ARS 
entomologist Keith Hopper investigated 
the parasitoid wasp Aphelinus certus as 
a biocontrol agent against the soybean 
aphid (Aphis glycines), but lab tests re- 
vealed it had a broad range of aphid hosts, 
including some native ones. “I would never 
have brought that thing in,” says ecologist 
George Heimpel of the University of Min- 
nesota in St. Paul, a collaborator on that 
project. But in 2005, the wasp showed up 
in Pennsylvania. Now that it’s established, 
Heimpel’s group is studying whether na- 


And when an exotic fungus—Entomophaga 
maimaiga, which kills the gypsy moth in 
its caterpillar stage—started to spread 
around New England in the late 1980s, “it 
was very exciting,” says entomologist Ann 
Hajek of Cornell University. Her team had 
tried without success to establish the fun- 
gus, but once it arrived, she spent years 
making sure it wasn’t harming local cat- 
erpillar species. “We were lucky,’ she says: 
The natives were mostly unaffected. 
Unplanned arrivals can bring heartache, 
however. Entomologist Tim Haye of the 
Centre for Agriculture and Bioscience In- 
ternational in Delémont, Switzerland, and 
his collaborators spent a decade developing 
plans to release the European parasitoid 
wasp Trichomalus perfectus to control the 
invasive weevil Ceutorhynchus obstrictus, 
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tive aphid populations are in danger. “A lot 
of people don’t care about native aphids,” 
he says. “I am one of those that do.” 

Yet such unplanned introductions also 
hand researchers an opportunity, creating 
what Haye calls a gigantic field trial for test- 
ing predictions about the control agent’s ef- 
fects. For the samurai wasp, researchers can 
now get permission from state regulators to 
launch experiments that involve breeding 
and releasing accidentally introduced wasp 
strains in the wild—work that wouldn’t be 
allowed with intentionally imported insects, 
which must stay quarantined until federal 
regulators are convinced they’re safe. 


ONE NIGHT LAST MAY, 3600 samurai wasps 


streamed from mesh cages into the 
stinkbug-infested New Jersey orchard. A 
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team led by Rutgers entomologist Anne 
Nielsen and entomologist Kevin Rice of 
the University of Missouri in Columbia had 
strung up yellow sticky cards baited with 
stinkbug egg clusters among the peaches 
and along the adjacent forest edge. They 
planned to wait a few days, collect the 
cards, and count the wasps to see whether 
they had ventured into the orchard to pur- 
sue the peach-destroying bugs. 

The insects were descendants of wasps 
that Nielsen first discovered in a nearby 
New Jersey orchard in 2017—the first find 
in a US. agricultural crop. Since 2014, the 
samurai wasp has turned up in 10 states 
and Washington, D.C. Researchers have 
identified at least three genetically distinct 
strains, suggesting multiple introductions. 
Maybe wasp embryos were hiding in stink- 
bug eggs on plants aboard a cargo ship. An 
adult wasp may even have hitched a ride 
with an unsuspecting airline passenger. 
(While awaiting a flight from New York 
City to Russia, Talamas once watched a 
different parasitoid wasp species, native 
to the United States, land on a page of his 
book. “All it had to do was fly down the 
walkway ... next stop: Russia.” He trapped 
the hitchhiker in his contact lens case and, 
on arrival, preserved it in vodka.) 

Now that the wasps are in the United 
States, research questions abound, Nielsen 
says. In their native range, they parasitize 
up to 90% of brown marmorated eggs. But 
will their behavior be different here? Where 
will they congregate and forage? Will they 
dramatically reduce stinkbug populations? 
Could farmers support the wasp by adjust- 
ing their practices—for example, not spray- 
ing pesticides where the insects are most 
concentrated? The chance to probe basic 
questions about a little-studied exotic spe- 
cies, Rice says, is “fabulously exciting.” 

For U.S. regulators, however, the wasp’s 
unexpected arrival poses an conundrum. 
“This is a good chance for us to codify 
policy and decide, ‘How are we going to 
handle these circumstances?” says Robert 
Pfannenstiel, an APHIS entomologist in 
Riverdale, Maryland, who reviews release 
applications. “Will we allow changes from 
our policies and processes that are already 
in place, or not?” 

Studies so far suggest the samurai wasp 
is a promising biocontrol agent. Although in 
laboratory tests it has parasitized some eggs 
laid by native species, it has shown a strong 
preference for brown marmorated stinkbug 
eggs. Scientists can release the accidental 
strains in states where they’ve already been 
discovered, but for now they can’t spread 
the wasps indiscriminately. APHIS prohib- 
its moving exotic species that haven’t been 
formally cleared for release into new states. 
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A samurai wasp emerges fr 


(Nielsen and Rice, for example, couldn’t le- 
gally perform their same experiment if they 
drove 4 hours north to Connecticut, where 
samurai wasps haven’t been found—so far.) 

The wasp needs to go through regula- 
tory review, just like any other candidate, 
Pfannenstiel says. “The danger, in one 
case, of saying, ‘Oh, we can tell it’s not a 
risk; and then releasing it [is that] there’s 
pressure to do that repeatedly, and start 
making judgment calls rather than deter- 
minations” based on data. Field studies 
of the accidental strains could speed the 
evaluation and help the wasp’s chances 
of approval—or reveal new reasons not to 
release it, he says. “I go into these evalua- 
tions with no preconceptions.” 

Hoelmer’s team at ARS is still preparing 
a petition to APHIS to release one delib- 
erately imported strain, which he hopes 
could serve as a backup if the accidentally 
introduced strains spread slowly. He also 
intends to include the accidentally intro- 
duced strains in his release petition, be- 
cause their biology is so similar to that of 
the strain he has studied extensively. He 
plans to submit his petition by the end 
of this year, and hopes for a decision next 
year. For now, he says, growers and re- 
searchers in states where the wasp hasn’t 
been detected will simply “have to wait un- 
til it crosses the border.” 
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The caution can seem excessive, given 
the wasp’s steady spread. “Should we re- 
ally wait?” asks Haye, who also believes 
the wasp is a good biocontrol agent. “Or 
should we speed up the spread and prevent 
damage—and help farmers—knowing that 
it’s not 100% specific and that eradicating 
it is not an option anyways?” 

Those are just some of the questions 
likely to come up at a special symposium 
on the implications of accidentally intro- 
duced biocontrol candidates, set for the 
annual meeting of the Entomological So- 
ciety of America in Vancouver, Canada, in 
November. Weber, co-organizing the sym- 
posium, hopes that regulators weighing 
the benefits and risks of a biocontrol pro- 
posal will factor in the potential for sur- 
prises: “The longer the regulatory process, 
the more likely the species will acciden- 
tally show up,” he says. “There might be a 
fairy tale world where you can regulate ev- 
erything that comes in,” but in reality, “that 
horse leaves the barn on a regular basis.” 


THE RESEARCHERS AT WORK in the Rutgers 
orchard aren’t yet endorsing the samurai 
wasp as a biocontrol agent. First, they’d 
like more evidence that it won’t harm na- 
tive species. “They’re invasive,” Rice says. 
“They're not in a different bucket” from 
the stinkbugs. 
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e wasp will reduce populations of the pest in U.S. crops. 


The restrictions on spreading the wasp 
“can be frustrating, and it can seem arbi- 
trary, but the regulations are there for a 
reason,” Nielsen adds. Still, she says, the 
wasp “is likely our best hope of controlling 
the brown marmorated.” Examining the 
sticky cards this summer, her team found a 
roughly equal distribution of wasps in the 
peaches and the nearby woods. That find- 
ing suggests the wasps are perfectly happy 
foraging for stinkbug eggs among the fruit, 
which bodes well for the wasps’ ability to 
control the pests. The team plans to run 
a similar experiment soon to see how the 
wasps spread into another crop, soybeans. 

Meanwhile, researchers in California 
have sent Talamas another surprise: a new, 
accidentally introduced Trissolcus para- 
sitoid wasp, this one native to India and 
Pakistan, which emerged from the egg of 
another exotic stinkbug pest, Bagrada 
hilaris. “I think that these introductions 
are happening constantly,’ Talamas says, 
but come to light only when taxonomists 
bother to take a close look. He’ll publish 
the new finding later this month in the 
Journal of Hymenoptera Research. 

Such arrivals are “humbling,” Weber 
says—a reminder of the limits that hu- 
mans face in shaping their environment. 
“We have less control over things than 
we think.” & 
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Measuring Earth's rivers 


Satellite images enable global tally of freshwater 


ecosystems and resources 


By Margaret Palmer' and Albert Ruhi? 


recent communication to corporate 
leaders warned that “Water is con- 
nected to every global risk we face” (1). 
For the past 7 years, water crises have 
ranked among the top five global risks 
according to the World Economic Fo- 
rum (2). The reason for this concern is that 
water is linked to environmental, societal, 
and economic risks—from biodiversity loss 
and ecosystem collapse to food crises, and 
from failures of urban planning to energy 
price shocks. Mitigating water-related risks 
to humans and ecosystems requires reliable 


546 10 AUGUST 2018 + VOL 361 ISSUE 6402 


accounting of freshwater resources. An es- 
sential first step is knowing where to find 
Earth’s fresh water. On page 585 of this issue, 
Allen and Pavelsky (3) make an important 
step in this direction by improving estimates 
of the global surface area of rivers using sat- 
ellite observations. 

Most fresh water in the biosphere exists 
as polar ice, glaciers, permanent snow, and 
groundwater; liquid surface waters only rep- 
resent ~0.3% of total fresh waters. This small 
fraction is disproportionally concentrated in 
lakes and wetlands, which hold around 50 
times as much water as rivers. Nevertheless, 
rivers and streams make major contributions 
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to regional biodiversity. These contributions 
stem from the high spatiotemporal variabil- 
ity in habitats and flows that characterize 
running waters (see the second photo) and 
from the tight connections between rivers 
and adjacent terrestrial and marine habitats, 
which allow for rich, intertwined food webs. 

Furthermore,  site-level measurements 
have shown that running-water systems are 
also larger sources of methane and carbon 
dioxide emissions than previously thought 
(4). This observation challenges the long- 
held assumption that rivers are largely 
conduits of organic matter that link lands 
to oceans. Thus, in addition to their role in 
supporting biodiverse assemblages, running 
waters may be important sites of carbon 
storage and critical components of global 
biogeochemical cycles. 


!National Socio-Environmental Synthesis Center, University 
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To scale up site-level measurements for 
estimating the global contribution of rivers 
to biodiversity or gas fluxes, scientists must 
not only contend with their variability (5) but 
also estimate water surface area precisely. 
Allen and Pavelsky tackle this problem in a 
novel way. Using satellite-derived data and 
a combination of statistical tools, they argue 
that global river surface area is 29 to 59% 
larger than the best previous figure (6). Past 
global estimates of river surface area relied 
on statistical properties of branch- 
ing networks and/or flow-routing 
algorithms rather than on direct 
observations (6, 7). Allen and Pavel- 
sky instead used Landsat images to 
create horizontal river shapes. They 
validated their river width estimates 
with available in situ measurements 
across the United States and Canada. 

The work is important for at least 
three reasons. First, it delivers global 
coverage at a resolution that is use- 
ful for river system models and for 
estimating biogeochemical fluxes, 
including greenhouse gas emissions. 
Second, it is relevant from a bio- 
diversity conservation perspective 
because the results show that river 
surface area had been underesti- 
mated in highly biodiverse regions 
such as Central America, New Zea- 
land, and most of Southeast Asia. 
Third, use of empirical data allows 
more accurate surface area estimates 
for places where geomorphic scal- 
ing relationships do not hold. River 
networks shrink or expand often 
in response to human activities. In 
highly developed regions, river chan- 
nels may be drained and flow aug- 
mented or reconfigured, all of which 
influence their surface area. Previous 
approaches did not account for such possibil- 
ities—an important omission, given the per- 
vasiveness of river ecosystem modification. 

Quantifying the distribution and tempo- 
ral variability of fresh waters by use of re- 
mote sensing is becoming a vibrant field of 
research (8), and scientists’ ability to detect 
and understand changes in the global wa- 
ter cycle will increase further as the spatial 
and temporal resolution of remote-sensing 
applications continue to improve (9). In 
their validation process, Allen and Pavelsky 
found that river widths estimated from 30-m- 
resolution Landsat data were most accurate 
and complete for rivers wider than 90 m. 
For smaller waterways, the authors relied on 
Pareto frequency distributions (for data-rich 
basins) and on power-law distributions (for 
data-poor basins) to include up to first-order 
streams (small, perennial streams at the tops 
of watersheds) in the estimates of total river 
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surface area. Recently, automated methods 
were developed for estimating subpixel water 
fraction with 30-m-resolution Landsat data, 
suggesting that it may be possible in the fu- 
ture to map streams as narrow as 5 m (JO). 
Future mapping should also focus on 
enhancing the temporal resolution of ob- 
servations. The Sentinel-2 satellites of the 
European Space Agency (ESA) now collect 
observations at 10-m resolution at 5-day 
intervals (17), capturing the temporal dy- 


Atemporal composite image of Slave River in Northwest Territories, 
Canada, shows how river meanders have created oxbows. The methods 
used to integrate Landsat time series are available in (15). 


namics of small water bodies. Further, the 
image acquisition modes of ESA’s Senti- 
nel-1 satellites allow global collection of 
high-resolution synthetic aperture radar 
(SAR) data on a 12-day basis or better and 
can do so day or night and regardless of 
cloud cover (12). As new methods for map- 
ping water from SAR imagery continue to 
emerge (13), use of Sentinel-1 alone com- 
bined with Landsat and Sentinel-2 will 
allow global mapping of surface water on 
a near-daily basis for many regions. Out- 
side the world of open-access data, private 
companies are pushing the game even fur- 
ther. For instance, the San Francisco-based 
Planet has launched a group of small sat- 
ellites that gather data globally every 24 
hours or less at a spatial resolution of 3.7 
meters—specifications that make these 
data precious for a wide range of environ- 
mental applications (14). 


Published by AAAS 


Allen and Pavelsky’s study may stimu- 
late further research that uses freely avail- 
able data to improve global estimates of 
inundated surface areas of wetlands and 
streams and to better understand how 
these flooded areas change over time. This 
should contribute to major advances in 
regional and global ecological and Earth 
system models. Fresh waters are a large 
source of greenhouse gas emissions yet rep- 
resent the greatest source of uncertainty in 
global methane emissions. This is 
mainly because the surface area 
of fresh waters and its temporal 
variability are poorly constrained. 
Measurements of gas emissions 
from ephemeral streams are in 
their infancy but may collectively 
represent nearly 20,000 km? when 
flowing—more than the main stem 
of the Amazon (7). Including these 
smaller water bodies in future area 
estimates, and understanding how 
their contraction-expansion phases 
influence global biogeochemical 
processes, will be major scientific 
advances. Many of these findings 
could have direct policy relevance, 
given that the size and variability 
in surface water inundation influ- 
ences the protection that water 
bodies receive under law. 

Water-related risks will likely con- 
tinue to exist in the future (2), but 
remote-sensing technologies are 
providing increasingly precise es- 
timates of global freshwater distri- 
bution and trends. These data can 
benefit freshwater scientists and 
managers alike, opening new ave- 
nues to study the global water cycle 
and to manage it sustainably. @ 
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Phase changes in neurotransmission 


Synaptic vesicles cluster by partitioning into phase-separated condensates 


By Edgar E. Boczek and Simon Alberti 


lusters of synaptic vesicles (SVs) are 

distinctive features of axon termi- 

nals in neurons. SVs contain neu- 

rotransmitters that are released 

upon electrical activity. The discov- 

ery of SVs as defined packages of 
neurotransmitters provided the molecular 
basis for the quantized theory of synaptic 
transmission in discrete units of informa- 
tion (J, 2). It has remained enigmatic what 
holds these vesicles together in clusters. 
On page 604 of this issue, Milova- 
novic et al. (3) show that synapsin 
1, a protein that is essential for SV 
cluster formation, condenses into 
liquid droplets in vitro. Lipid vesicles 
and other SV cluster components 
specifically partition into these con- 
densates, suggesting that SV cluster 
formation occurs through protein 
phase separation. 

Synapsin 1 is a major component 
of SV clusters, in which it reaches 
high local concentrations (4). It 
harbors a folded adenosine tri- 
phosphate (ATP)-binding domain 
of unknown function and a long in- 
trinsically disordered region (IDR) 
at its C terminus. The IDR contains 


numerous proline-rich SRC homol- Synaptic 
ogy 3 (SH3)-domain binding sites. tk 
cluster 


Milovanovic et al. found that pu- 
rified synapsin 1 phase-separates 
out of solution in physiological 
conditions. The condensates had 
characteristics of a liquid phase be- 
cause the droplets fused and material was 
rapidly exchanged with the surroundings. 
Other components of SV clusters, such 
as the SH3 domain-containing proteins 
growth factor receptor-bound 2 (GRB2) 
and intersectin 1, specifically partitioned 
into the synapsin 1 droplets. Thus, synap- 
sin 1 phase separation may generate a res- 
ervoir for various synaptic proteins close 
to their site of action, as suggested by the 
authors previously (5). 

One recently introduced framework pro- 
poses that condensates contain scaffolds 
that are required for condensate integrity 
and scaffold-binding clients that are dis- 
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Synapsin 1 droplets 
Synapsin 1 is a scaffold 


pensable for condensate formation but 
partition into the condensed phase once it 
has formed (6). That synapsin 1 can phase- 
separate on its own implies that it may be 
a scaffold protein, whereas the partition- 
ing of SH3 domain-containing proteins 
into the synapsin 1 droplets indicates that 
they may be clients. At low concentra- 
tions, the SH3 domain-containing clients 
decrease the threshold concentration for 
phase separation. By contrast, excess cli- 
ent proteins prevent droplet formation. 
This observation is reminiscent of previous 


Clustering of synaptic vesicles 

Synaptic lipid vesicles are proposed to be clustered together by 
partitioning into synapsin 1 droplets. Upon synapsin 1 phosphorylation 
by CaMKIl, the droplets dissolve, leading to the release of 
synaptic vesicles to the membrane for fusion and delivery of their 
neurotransmitter cargo into the synaptic cleft. 


Droplet 
dissolves 


studies showing that client RNAs regulate 
the phase separation behavior of scaffold 
RNA-binding proteins (7, 8). 

What is the role of condensed synapsin 1? 
Fluorescently labeled lipid vesicles (lipo- 
somes) partitioned into synapsin 1 droplets 
and then formed clusters, a remarkable ob- 
servation that is reminiscent of SV clusters 
in vivo. To date, such a specific interaction 
between lipid vesicles and phase-separated 
protein condensates has not been observed. 

Neurotransmission requires the release 
of SVs from their clusters and fusion with 
the plasma membrane to discharge their 
neurotransmitter contents. It was previ- 
ously shown that SV cluster release is con- 
trolled by calcium/calmodulin-dependent 
protein kinase II (CaMKII)-mediated 
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lipid vesicle 


phosphorylation of synapsin 1 (9). Con- 
sistently, the synapsin 1 condensates dis- 
solve when CaMKII and ATP are added. 
This is also true for liposome-containing 
synapsin 1 droplets, thus providing further 
evidence for the idea that SV clusters are 
condensed droplets that are formed and 
dissolved in response to physiological cues 
(see the figure). Together with previous 
studies showing regulation of phase sepa- 
ration by kinases (0, 11), this suggests that 
phosphorylation of scaffold proteins is an 
important general principle for control- 
ling condensation. What remains 
to be determined is how the kinase 
interacts with the condensate and 
how droplet dissolution is achieved 
at the molecular level. 

Previous models of SV cluster 
formation suggested a network 
of protein-protein and _ protein- 
SV interactions. In these models, 
synapsin 1 and the SH3 domain- 
containing proteins form a solid 


protein that undergoes phase Axon matrix that was proposed to spe- 
separation and recruits SH3 cifically bind to SVs via BAR (Bin- 
domain—containing client amphiphysin-Rvs) domains (12). 
proteins into droplets. pa Alternatively, SVs were suggested 


to be connected by nondynamic 
networks of SH3 or BAR domain- 
containing proteins that are linked 
together by dynamin or vesicular 
glutamate transporter 1 (VGLUT1)- 
endophilin, both of which are 
involved in SV clustering (12). Al- 
though these models can explain 
the clustering of SVs, they do not 
explain the observation of dynamic 
SV rearrangements within the clusters (73). 
The phase-separation model presented by 
Milovanovic et al. can account for this ob- 
servation: A liquid phase containing SVs 
has the advantage over a solid matrix or 
network in that it allows gradual SV re- 
cruitment and release without the need for 
full matrix or network disassembly (5). 
The situation in axon terminals is more 
complex than the in vitro system used in 
this study, and additional factors may play 
important roles. Nonetheless, this study 
paves the way for a better understanding 
of the molecular basis of synapse organi- 
zation. It also provides another beautiful 
example of the power of in vitro reconsti- 
tution biochemistry. A stepwise increase of 
complexity using this in vitro system will 
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provide valuable insights into the interplay 
between the different factors. Moreover, 
mutant proteins with altered phase-separa- 
tion behavior can now be developed using 
the authors’ in vitro system and then tested 
in living cells. It will be fascinating to see 
how these mutants influence SV cluster for- 
mation, neurotransmitter release, and end- 
plate potentials in the synapse. 

Numerous important questions still 
need to be answered: What are the molec- 
ular interactions driving the formation of 
synapsin 1 condensates? That the synapsin 
1 IDR phase-separates without the folded 
ATP-binding module and in the absence 
of SH3 domain-containing proteins sug- 
gests that a multivalent interaction net- 
work mediated by the IDRs drives phase 
separation. Synapsin 1 does not contain 
typical aromatic amino acids like other 
phase-separating proteins, suggesting an 
unusual mechanism that requires further 
investigation. This question of specific mo- 
lecular interactions is particularly impor- 
tant because of the likely presence of other 
phase-separated compartments in the axon 
terminals. Furthermore, what controls the 


“clustering of particles 
and vesicles by phase 
separation may emerge as 
a principle of fundamental 
importance in biology.” 


size of the SV clusters and keeps the con- 
densates from coalescing? What role does 
the ATP-binding domain play? What drives 
the interaction between the protein con- 
densate and the lipid vesicles, and how 
is specificity achieved in this context? A 
specific mechanism mediated by lipid- 
binding domains or a less specific physical 
principle seems conceivable. More gener- 
ally, clustering of particles and vesicles by 
phase separation may emerge as a princi- 
ple of fundamental importance in biology. 
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Ultrahigh thermal conductivity 
confirmed in boron arsenide 


High-quality crystals minimize conductivity losses 
caused by phonon scattering at defects 


By Chris Dames?” 


ew materials possess ultrahigh ther- 

mal conductivity k at room tempera- 

ture, defined here as exceeding that 

of copper (k,,, ~ 400 W/m-K), yet such 

materials are vital for dissipating the 

heat loads from modern electronics 
(see the figure). Diamond is the highest-x 
bulk material known, with k,,,._,,, a8 large as 
2300 W/m-K, but it is costly to synthesize in 
sufficient quality and quantity, which limits 
its impact on applications. On the basis of 
widely accepted phenomenological theory 
(1), for decades boron arsenide (BAs) was 
expected to have an unremarkable k,,_ of 
200 W/m-K, although this value was never 
measured. In 2013, a stunning prediction 
was made that x,,, might be 10 times as 
high and approach k,,,._,,4 (2). Testing such 
predictions (2, 3) required BAs crystals of 
unprecedented quality, which launched a 
flurry of experimental efforts. Reports by 
Kang et al. (4) on page 575, Tian et al. (5) 
on page 582, and Li et al. (6) on page 579 
of this issue describe the synthesis of small 
yet superb crystals of BAs and the measure- 
ment of k,,, values of ~1100 W/m-K. These 
results verify the essence of the predictions 
(2, 3) and earn BAs long-overdue recogni- 
tion as an ultrahigh-« material. 

In insulating and semiconductor materi- 
als, heat is transported by phonons, which 
in the purest crystals are limited only by 
phonon-phonon scattering. If the inter- 
atomic bonding forces are well known, k 
can in principle be calculated directly from 
the Boltzmann transport equation (7). Such 
calculations were intractable for more than 
80 years because of their computational 
complexity and a lack of highly accurate in- 
teratomic potentials. However, great prog- 
ress was still made through approximate 
models that yield intuitive insights, such 
as Slack’s classic guidelines (7) for high k— 
simple crystals, light atoms, and stiff bonds 
with low anharmonicity. 
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Such insights have proved very effective, as 
exemplified by the trends shown in the figure 
for the group IV materials: k,. < Kg; <Kp;smona? 
ie., increasing phonon k moving up a col- 
umn of the periodic table. A similar trend 
was expected for the BX compounds, where 
X is a group V element: k,,. < K,, < K,,. This 
trend is consistent with the experimental 
values for BN and BP in the figure, and so 
for more than 40 years, no one questioned 
(or bothered to measure) the Slack estimate 
of 200 W/m:K (J). 

An accumulation of advances in the al- 
gorithms for solving the Boltzmann equa- 
tion (8), the availability of force constants 
calculated from first principles, and com- 
puting power converged to enable direct 
calculations of «x with high accuracy, a 
breakthrough that is changing this field 
(9). Such calculations still invoke some 
kind of approximation, typically either the 
relaxation-time approximation or truncat- 
ing the calculation at three- rather than 
four-phonon interactions. The first such 
calculation for BAs (2) was stunning, pre- 
dicting (at three-phonon accuracy) a k,,. 
approaching k,,. 4, Perhaps just as im- 
portant, that paper highlighted two new 
phenomenological insights based on energy 
and momentum conservation: Suppression 
of three-phonon scattering can occur when 
the energy gap between acoustic and opti- 
cal phonon branches is large, and also when 
the three acoustic branches are bunched 
tightly together. 

The essence of the prediction (2) was 
widely accepted and launched efforts at ex- 
perimental verification. The first measure- 
ments of k,,, followed soon thereafter (10), 
although point-defect scattering limited the 
thermal conductivity to only 200 W/m-K. A 
burst of other work followed. Measurement 
of the BAs dispersion relation (71) verified 
the predicted acoustic-optical energy gap 
and acoustic bunching (2). A four-phonon 
accurate calculation (albeit under the relax- 
ation-time approximation) (3) revised the 
expected k,,, downward, to a value of 1400 
W/m:K which was still very impressive. Fi- 
nally, a major multidisciplinary research 
initiative was launched that supported two 
of the current teams, and also provides a 
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nice example of positive feed- 
back between academia and 
funding agencies. 

However, realizing ultrahigh 
K,,, Would require extraordi- 
nary materials synthesis efforts 
to minimize phonon scattering 
by grain boundaries and point 
defects. Furthermore, BAs poses 
special synthesis challenges 
because of the constituent el- 
ements’ high melting points, 
the thermodynamic preference 
for an undesired B,,As, phase 
below ~920°C, and _ arsenic’s 
high volatility and toxicity (70). 
Determination, patience, and 
time-consuming growth proto- 
cols that ran for weeks to even 
months led to successful syn- 
theses by all three groups. For 
the culminating measurements 
of « itself, the three studies 
relied mainly on a laser-based 
method with ~10-um_ spatial 
resolution capable of surface 
mapping. Such microscopic 
measurements were invaluable 
for providing timely feedback A 


2500 


2000 


1500 


1000 


Thermal conductivity, « (W/m-K) 


to the material growers on nu- 
merous tiny samples, some of 
which were smaller than a grain 
of sand. 

The three studies are consis- 0 
tent in their main conclusions. 

As shown in the figure, the k,,_ 

values from their best “cham- 

pion samples” all lie within 

+15% of the cross-study average 

of 1140 W/m-K, which also agrees reasonably 
with a new calculation (1250 W/m-K) that is 
fourth-order accurate without invoking the 
relaxation-time approximation (5). Further- 
more, the studies all found a temperature 
(T) dependence of k steeper than 7”, con- 
firming that k,,, is indeed limited mainly 
by four-phonon scattering (3, 5), rather than 
by scattering at grain boundaries or point 
defects, which would have given a flatter 
T dependence. Studying their «,,, values 
across a broader range of sample quality, Li 
et al. (6) also identified an intriguing corre- 
lation with the Raman spectra, which sug- 
gests that free carriers (electrons and holes) 
might also play an important role in scatter- 
ing the phonons in BAs. 

Heat spreaders for thermal management 
of high-power electronics rely primarily on 
synthetic diamond, BN, SiC, Ag, Al, and Cu 
(see the figure). Graphite is less suited for 
these applications because of its very low 
« value normal to the basal planes (~10 
W/m-K), as well as its poor mechanical 
properties. A critical consideration is the 
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High thermal conductivity materials in context 
As confirmed in this issue (4-6), crystals of boron arsenide (BAs) of 
quality have a thermal conductivity k,,, about five times 
higher than traditionally thought (1). This finding verifies the essence of 
ciples predictions (2, 3) and belatedly promotes BAs to its 
rightful place among the higher ranks of this group. 


Nailing down a moving target 
he evolution of kgs, by year. For the models (squares), the year and 
reference are 1973 (1), 2013 (2), 2017 (3), and 2018b (5). For experimental measurements 
(circles), the year and reference are 2015 (10), 2018a (4), 2018b (5), and 2018c (6). 


plication direction might be 
to develop BAs powders for 
metal matrix composites, which 
would require only small par- 
ticles (say, 50 ~m diameter). 

It is natural to wonder what 
other doors may be opened 
by this new understanding of 
ultrahigh phonon kx. The link 
is firmly established between 
ultrahigh « and acoustic pho- 
non bunching combined with 


spreader’s coefficient of thermal expansion 
(CTE), which should match that of the heat 
source that it contacts. For typical devices 
based on Si, GaAs, or GaN, with CTEs ~3 
to 6 parts per million (ppm) per K, BAs at 
3 ppm/K is a better match than diamond 
at 1 ppm/K. 

Cooling applications also require a very 
high thermal boundary conductance be- 
tween the heat spreader and surrounding 
metals. In this regard, the available mea- 
surements for interfaces of Al/BAs [130 
MW/m?-K (6)] and Au/Ti/BAs [40 MW/m?-K 
(5)] are promising, and in line with trends 
for other high-quality interfaces (72). Still, 
if BAs materials are to realize their poten- 
tial for electronics cooling applications, 
the material growers will have to develop 
much lower cost and more scalable synthe- 
sis methods while maintaining outstanding 
quality. Developing chemical vapor deposi- 
tion methods for high-quality BAs films— 
similar to those already used for some 
industrial diamond chips—is one obvious 
though challenging direction. Another ap- 
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(T = 300 kK) : : 
large acoustic-optical gaps (2), 
. but there may still be room to 
C (diamond) © eer ilcehat fe 
Co Three-phonon, complement this with improved 
full solution chemical intuition about the 
C (graphite, o Go) most promising types of mate- 
along basal plane) rials and bonding, beyond sim- 
ply increasing the mass ratio in 
a binary compound. Perhaps 
Bel ahelie these ideas can be generalized 
C1 solution (2017) fruitfully for highly anisotropic 
2018a materials, with the potential 
Trea a ae to overcome some of the short- 
(2018b) comings of graphite. 

¢ 2018 We can also appreciate how 
L In this issue the phenomena underlying the 
BNo ultrahigh «x of BAs are a special 
case of the more general strat- 
Ag SIC o egy of restricting the phase 
---- cue eaeee- BeO penn denn eee eee nnn npn een ee space for phonon-phonon scat- 
AU Ns tering, which has also inspired 

AIO aN © 1 Phenomeno- ©2015 ee nec 
Sio logical (1973) recent efforts at k engineering 
Geo in coherent phononic meta- 
Models | "Measurenent materials, although these ef- 
forts have so far proved elusive 
| BAs (13). Related scattering selec- 
Metals Nonmetals tion rule concepts help explain 


the ultrahigh k in some two- 
dimensional materials (/4). Looking for- 
ward, it is exciting to imagine what other 
breakthroughs in thermal materials may 
lie in wait, by fusing the new generation 
of powerful tools for prediction, synthesis, 
and measurement with the best traditions 
of phenomenological insight. 
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OBESITY 


Tighter lymphatic junctions prevent obesity 


Zippering of cellular junctions in intestinal lacteals prevents fat uptake 


By Donald M. McDonald 


ietary fats take a circuitous route 

from the intestine to the blood- 

stream, where they serve as nutri- 

ents or are stored in adipose tissue. 

Fats processed in the digestive tract 

are packaged by the intestinal epi- 
thelium into tiny lipid-protein particles 
called chylomicrons. Chylomicrons are 
taken up by lymphatic channels (lacteals) 
within villi that line the small intestine 
and are transported by lymphatic vessels 
to the blood circulation. How chylomi- 
crons enter lacteals has long been a mys- 
tery, as the particles are too large to cross 
the endothelial cells that line lymphatics. 
Moreover, scattered openings observed in 
lacteals seemed too sparse to explain chy- 
lomicron entry, and evidence for vesicular 
transport was limited (/, 2). The discovery 
of specialized, discontinuous button-like 
junctions between lacteal endothelial cells 
raised another possibility (3). Button junc- 
tions have open regions and closed regions 
and are strikingly different from zipper 
junctions that tightly seal endothelial cells 
in blood vessels and collecting lymphatics. 
On page 599 of this issue, Zhang et al. (4) 
show that chylomicron entry is dependent 
on button junctions. Importantly, experi- 
mental manipulations that led to transfor- 
mation of button junctions into zippers 
prevented chylomicron uptake and pro- 
tected mice from developing obesity while 
on a high-fat diet. 

Intestinal lymphatic vessels not only 
transport chylomicrons but are also routes 
for the recirculation of fluid into blood. 
According to the conventional view, fluid 
flows into lacteals along hydrostatic pres- 
sure gradients when their endothelial cells 
are pulled apart by interstitial forces (5). 
The extent of separation of the cells at 
openings is governed by forces within villi 
transmitted to the lacteal wall by anchor- 
ing filaments. Intake of dietary fat pro- 
motes chylomicron production and water 
absorption by the intestinal epithelium 
that lead to higher interstitial pressure, 
lymph flow, and chylomicron transport 
through lacteals (5). Lacteal contractility, 
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which is driven by longitudinal smooth 
muscle cells in intestinal villi, can propel 
fluid and cells in lymph at velocities up to 
150 um/s into downstream lymphatics en 
route to the bloodstream (6). 

Zhang et al. sought to determine the 
contributions of the endothelial cell re- 
ceptors, vascular endothelial growth fac- 
tor receptor-1 (VEGFR1) and neuropilin-1 
(NRP1), to the regulation of fat transport. 
By deleting the corresponding genes, 
Vegfr1 (also known as Filt1) and Nrpi, in 
endothelial cells of mice, they unexpect- 
edly found that button junctions in lacte- 
als transformed into zipper junctions and 
that this conversion was accompanied by 
resistance to obesity when mice were given 
a high-fat diet (see the figure). 

This work was initiated to resolve a con- 
troversy over the involvement of VEGFR1 
and NRPI1 in fat transport in obesity and 
type 2 diabetes. According to one concept, 
VEGF-B, a ligand of VEGFR1 and NRPI, 
increases expression of fatty acid trans- 
porters in blood vessels through binding 
and activating VEGFR1 and NRPI, which 
consequently promote fat transport into 
tissues (7). A contrasting interpretation is 
that VEGF-B improves vascular and meta- 
bolic health by displacing another ligand, 
VEGF-A, which can then activate VEGFR2 
signaling (8). VEGFR2 signaling is essential 
for maintaining vascular function, which is 


compromised in metabolic syndrome and 
type 2 diabetes. In the absence of VEGF-B, 
VEGFRI1 and NRP1 can act as decoy recep- 
tors that compete for VEGF-A binding to 
VEGFR2. In support of this idea, Zhang 
et al. provide evidence that VEGFR1 and 
NRP1 bind VEGF-A and prevent excessive 
VEGFR2 signaling that would otherwise 
promote button-to-zipper transformation 
and thereby reduce chylomicron uptake 
into lacteals. 

Zhang et al. add to the evidence that en- 
dothelial cell junctions are dynamic struc- 
tures. Button junction plasticity is evident 
during development: Initial lymphatics 
have zipper junctions until late gestation, 
when they change into button junctions 
through a process that requires the growth 
factor angiopoietin-2 (ANGPT2) (9, 70). Al- 
ternatively, button junctions change into 
zippers in growing lymphatics in inflamed 
tissues (9). This transformation is revers- 
ible by treatment with the corticosteroid 
dexamethasone (9). Further evidence of 
plasticity is provided by the dependence 
of lacteal function on VEGF-C, a ligand for 
VEGFR3, and on delta-like ligand 4 (DLL4), 
a NOTCH ligand. Mice lacking Vegfc or 
Dil4 have reduced dietary lipid absorp- 
tion and are resistant to obesity (J, 12). 
Genetic inactivation of Dll4 in lymphatic 
endothelial cells results in transformation 
of button junctions into zippers (12). In 


Lymphatic 
endothelial cell 
junctions 

Button junctions between 
lacteal endothelial cells 
allow chylomicron uptake. 
When VEGF-A is available, 
through loss of the decoy 
receptors VEGFR1 and NRPI, 
VEGFR2 is active and button 
junctions are converted into 
zipper junctions. 
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addition to the gatekeeper function of cel- 
lular junctions, chylomicron entry into lac- 
teals is controlled by the expression of the 
transcription factor pleomorphic adenoma 
gene-like 2 (PLAGL2) in intestinal epithelial 
cells. Plagl2-deficient mice have impaired 
lacteal uptake of chylomicrons and die post- 
natally from lack of fat absorption (73). 

The findings by Zhang et al. raise the 
question of how VEGF-A can have op- 
posite effects on lymphatics, where it re- 
duces permeability by promoting zipper 
junctions, and on blood vessels, where it 
increases leakage by opening normally 
closed zipper junctions in endothelial 
cells. Although the basis of this dichotomy 
is unclear, mechanistic insights come from 
studies of Rho-associated protein kinases 
(ROCKs). Pharmacologic inhibition of 
ROCKs promote zippering of endothelial 
cell junctions and suppress chylomicron 
uptake into lacteals. ROCK inhibitors also 
reduce leakage in blood vessels (J4). In 
both cases, ROCK inhibitors increase the 
barrier function of endothelial cells by sta- 
bilizing proteins at intercellular junctions. 

These advances highlight the importance 
of button junctions in intestinal lacteals 
for the uptake of dietary fat. Although but- 
ton junctions were identified in lymphatics 
more than 10 years ago (3), the finding that 
the junctions are essential for chylomicron 
uptake by lacteals and can be genetically 
and pharmacologically regulated point to 
new strategies for management of obesity. 
However, understanding the mechanism 
and consequences of the transformation of 
button junctions into zippers is at an early 
stage. Zippering junctions in lymphatics 
could impair uptake of essential nutrients in 
chylomicrons or have adverse effects by com- 
promising fluid drainage and immune cell 
trafficking. Nonetheless, the discovery that 
the uptake of intestinal fat is determined by 
the structure of junctions in lymphatic endo- 
thelial cells opens new avenues for investi- 
gating the regulation of body weight. 
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ESSAY 


The future of humans 
as model organisms 


A “human phenomic science” approach could 
accelerate personalized medicine 


By Garret FitzGerald’, David Botstein’, 
Robert Califf**, Rory Collins®, Keith 
Peters®, Nick Van Bruggen’, Dan Rader! 


en years ago, Nobel laureate Sydney 
Brenner remarked, “We don’t have to 
search for a model organism anymore. 
Because we are the model organisms” 
(1). Indeed, over the past decade, we 
have deepened our understanding not 
only of how the genomic blueprint for hu- 
man biology manifests physical and chemical 
characteristics (phenotype), but also of how 
traits can change in response to the environ- 
ment. A better grasp of the dynamic relation- 
ship between genes and the environment 
may truly sharpen our ability to determine 
disease risk and response to therapy. A col- 
lection of human phenotypic data, and its in- 
tegration with “omic” information (genomic, 
proteomic, transcriptomic, epigenomic, mi- 
crobiomic, and metabolomic, among oth- 
ers), along with remote-sensing data, could 
provide extraordinary opportunities for dis- 
covery. A comprehensive “human phenomic 
science” approach could catalyze this effort 
through both large-scale “light” phenotyping 
studies and “deep” phenotyping studies per- 
formed in smaller groups of individuals. 
Data integration is already advancing 
medicine at the individual patient level. The 
identification of unexpected disease associ- 
ations with genes (2), the linkage of gene 
variants to unanticipated human pheno- 
types (3), and the use of Mendelian random- 
ization (a method to estimate causal effects) 
to predict biomarker validity (4) or drug re- 
sponse (5) are some examples. Efforts are 
underway to broaden the diversity of popu- 
lations studied and to establish standards 
for phenotyping (6), but the depth and qual- 
ity of characterization at scale are limited 
by cost and feasibility. 
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Complementary to large-scale, com- 
paratively lighter basal phenotype studies 
are deeper phenotyping studies of smaller 
groups of individuals in settings where phe- 
notypic responses can be evoked under well- 
controlled conditions (7). Such studies can 
address and refine hypotheses generated 
from data at scale, enabling investigators 
interested in mechanisms and drug devel- 
opment to seek proof of concept in focused, 
prospective clinical trials. Deep phenotyping 
is ideally suited to elucidate gene function 
and comes close to conducting a “human 
gene knockout” study (8). The approach can 


“Deep phenotyping... 
comes close to...a ‘human 
gene knockout’ study.” 


also connect the modifiable causes of com- 
mon diseases to patients with rare diseases, 
enabling a better understanding of the patho- 
physiology of common diseases. For example, 
detailed characterization of “outlier” patients 
can direct mechanistic interrogations of 
common diseases at population scale. One 
example is the gene encoding proprotein 
convertase subtilisin/kexin type 9 (PCSK9) 
and cardiovascular disease (9). The car- 
dioprotective phenotype that was revealed 
through light phenotyping at scale inferred 
the validity of PCSK9 as a drug target; this 
was confirmed in deep phenotyping studies 
and then in randomized clinical trials. An- 
other example is the autoimmune phenotype 
of patients with atypical presentations of the 
myalgic encephalomyelitis/chronic fatigue 
syndrome (J0). Deep phenotyping revealed 
a mechanistic basis for a symptom complex 
that is sometimes miscategorized as an af- 
fective disorder. Furthermore, the two ap- 
proaches to phenotyping might be integrated 
to enable the identification of patients with 
rare diseases from large phenotypic datasets. 
This could lead to more efficient recruitment 
for deep phenotyping studies. A major chal- 
lenge will be harmonizing protocols for deep 
phenotyping. However, while moving toward 
standardization, it may be possible to inte- 
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grate data when differing protocols are used, 
as suggested in a recent quantitative analysis 
of merged yeast proteome datasets (17). 

What would this approach mean for ani- 
mal studies? Understanding the larger pic- 
ture at the organism level has been restricted 
by the practical limitation of performing 
bench studies. By necessity, the sample size 
is small and the phenotypical variance in- 
herent to the system must be controlled. De- 
spite the availability of resources such as the 
Collaborative Cross and Diversity Outbred 
mice (which recapitulate levels of genetic 
heterozygosity seen in humans), the major- 
ity of preclinical studies are still performed 
with inbred strains of mice housed in artifi- 
cial environments, with every effort made to 
obtain phenotypic unity. The “noise” in the 
system is managed to enable reductionist hy- 
potheses to be tested. However, modeling in 
mice (even with outbred strains) may insuf- 
ficiently predict the human condition. With 
deep genotypic and phenotypic evaluation 
of large human cohorts, the “physiological 
noise” due to variability in genetics and en- 
vironmental exposures is measurable and be- 
comes meaningful. A true big-picture systems 
biology approach to discovery is feasible, and 
can be facilitated by techniques that provide 
the quantity and quality of data required to 
enable physiological measurement at scale 
(imaging, monitoring devices, etc.). 

Human phenomic science would put a 
collective tag on a variety of experimen- 
tal approaches. Examples include harvest- 
ing induced pluripotent stem cells to parse 
mechanistic distinctions in patients with 
varied syndromes of pain (12), or characteriz- 
ing distinctions in the phenotypes evoked by 
vascular, inflammatory, or metabolic stimuli 
to gain insight into time-dependent disease 
expression (73). Such studies could be inte- 
grated with data from the same patients “in 
the wild” using remote-sensing devices. This 
facilitates an intrinsic step in developing pre- 
cision medicine strategies—comparing inter- 
individual differences in exposure, behavior, 
and drug response. This might be useful in 
deciphering “nondipping” hypertension, 
where there is little information on the effi- 
cacy of conventionally formulated antihyper- 
tensive drugs, the mechanism involved, and 
the stability of the phenotype at the individ- 
ual level, despite the linkage of this syndrome 
at scale to poor cardiovascular outcomes. 

As for drug development, heterogeneous 
information (physiologic, multi-omics, and 
imaging data) collected under basal and 
evoked conditions could be used to inter- 
rogate dose-dependent differences in drug 
response in human phenotypic studies. This 
information could be integrated with analo- 
gous data from other model organisms, al- 
lowing more direct linkage to functional 
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outcomes relevant to humans. Some exam- 
ples include the development of algorithms 
that predict rare but serious adverse effects of 
drugs, and the identification of well-defined 
subgroups that have favorable therapeutic 
responses to specific medicines. For instance, 
in assessing nonsteroidal anti-inflammatory 
drugs (NSAIDs) that differ in selectivity for 
inhibiting cyclooxygenase-2, one could com- 
pare dose-dependent perturbation of the 
transcriptome, proteome, metabolome, and 


microbiome across species, with blood pres- 
sure as a quantitative surrogate for cardio- 
vascular risk in humans and mice, together 
with thrombogenesis assays in mice and fish. 
With machine learning and kinetic and struc- 
ture-based modeling approaches, one could 
then identify signatures of NSAID-induced 
cardiovascular risk and test their predictive 
efficacy at the individual level prospectively 
in clinical trials. An extension of this concept 
is to complement Mendelian randomization 
for predicting drug efficacy and risk in an 
individualized approach. New cancer drugs 
highlight the need to elucidate mechanisms 
that underlie variability of drug response 
in therapeutic efficacy as well as in toxicity. 
Chimeric antigen receptor (CAR)-T cells may 
cure a life-threatening disease but may also 
cause a lethal cytokine storm (J4). Similarly, 
checkpoint blockade with programmed cell 
death-1 inhibitors may restrain, leave unal- 
tered, or advance tumor progression (15). 
Developing a suite of evoked phenotypes 
might improve the screening of newly ap- 
proved drugs for unanticipated risks and ef- 
ficacies. In the United States, the Food and 
Drug Administration could provide a safe 
harbor for the emergence of such knowledge, 
much as it did to encourage studies of phar- 
macogenetics. Too often, understanding the 
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spectrum of drug action—both efficacy and 
toxicity—is delayed by risk-averse strategies 
of drug development focused only on the 
planned initial indication for approval. Con- 
sent to detailed phenotyping might also be 
linked to drugs still in development but un- 
der compassionate use, thus accelerating the 
acquisition of knowledge relevant to mecha- 
nism of action, potential toxicity, clinical trial 
design, and ultimate clinical utility. 

The value of large, prospective datasets and 
associated biobanks to drug development 
and precision medicine is already appar- 
ent. This could be enhanced by the detailed 
evoked phenotyping that is only possible in 
relatively smaller numbers of individuals. As 
the cost of data recording and analysis de- 
clines, deeper phenotyping can be applied at 
scale and the clear distinction between phe- 
notyping approaches is likely to erode. 

What is the advantage of labeling this 
type of research as human phenomic sci- 
ence? After all, phenotyping studies in 
humans have long existed. However, inves- 
tigators are few and resources are scattered. 
Shifting from the detection of large average 
effects to a more precise approach to medi- 
cine requires great investment and skilled 
investigators (who, in this case, are in short 
supply). Within the spectrum of clinical re- 
search, the naming of “health services re- 
search” and “clinical epidemiology” helped 
to shape these disciplines with defined skill 
sets, training programs, and collective ac- 
tivities (meetings, departments). The suc- 
cess of this tactic is reflected in the growth 
of, and investments in, these clinical areas. 
Giving human phenome-related research a 
name can serve a similar purpose of defin- 
ing, maturing, and refining the endeavor. If 
we want to move from the detection of large 
average effects of therapies to a more pre- 
cise approach to medicine, then we ought to 
consider a strategic effort to recruit investi- 
gators and develop infrastructure to further 
support human phenomic science. 
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Building an evidence base 
for stakeholder engagement 


The private sector provides lessons and models 


By James V. Lavery 


cience is a social enterprise. Many sci- 

entific programs interact with a wide 

range of communities and stakehold- 

ers to secure various types of access 

and permission, to seek cooperation 

and collaboration for scientific studies, 
to fulfill regulatory and ethical requirements, 
and to try to shape research strategies and to 
improve the translation of their findings into 
policy or practice. But these interactions are 
motivated disproportionately by the interests 
and goals of the scientific programs and less 
by the need to elicit and understand their im- 
plications for stakeholders. However, there is 
increasing recognition that substantive com- 
munity and stakeholder engagement (CSE) 
can improve the performance, and even 
make or break the success, of some science 
programs by providing a means of navigat- 
ing, and responding to, the complex social, 
economic, cultural, and political settings in 
which science programs are conducted. For 
CSE to become more widely accepted by 
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funders and researchers, and to contribute 
more conspicuously to the success of science 
programs and policy, it will have to estab- 
lish a more coherent and convincing body of 
evidence about the nature of CSE strategies 
and their specific contributions to the perfor- 
mance of science programs. 

The zeal that drives scientists in their quest 
for discovery and their deep-rooted faith in 
the scientific enterprise can sometimes lead 
them to underestimate, or disregard, the 
potential for their actions to negatively af- 
fect the interests of stakeholders beyond the 
immediate frame of reference of their scien- 
tific protocols. For example, Ashkenazi Jews 
faced stigmatization and discrimination on 
the basis of findings of population-genetics 
research (J), and unauthorized research on 
historical human migration patterns dam- 
aged the collective cultural identity of the 
Havasupai tribe of Arizona (2). Despite the 
importance of such harms, the dominant eth- 
ics paradigms in science—scientific integrity 
and human-subject research protections— 
provide little guidance about how to antici- 
pate and avoid them. 

A common intuition is that these harms 
can be mitigated by CSE. The idea has at- 
tracted interest in a wide range of disci- 
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Members of the Havasupai tribe pray over blood 
samples at Arizona State University. Disregard 

for how the research could undermine the tribe's 
interests led to a lawsuit and out-of-court settlement. 


plines, including sustainable development 
(3), regulation of new biotechnologies (4), 
and humanitarian emergencies (5), along 
with long-established practices in commu- 
nity-based participatory research (6), pa- 
tient engagement in clinical research (7), 
and global health (8). 

Yet, aS one recent commentary about CSE 
noted, “there is limited empirical evidence 
on the best practices for stakeholder engage- 
ment and even less on evaluation of engage- 
ment demonstrating the association between 
the quality and quantity of engagement and 
research outcomes” (9). This lack of evidence 
about CSE could be the sustaining force for 
a self-fulfilling prophecy, because those with 
the authority to make budget decisions for 
science programs lack clarity about the cir- 
cumstances under which CSE is necessary, 
its appropriate scope and form, and a clear 
and coherent value proposition for how CSE 
improves the ethics of research and enhances 
the impact of their investments. The result is 
often expressed as skepticism or indifference 
to the potential value of CSE. 


KEY CHALLENGES 

First, the generation of useful and compa- 
rable evidence for CSE is complicated by the 
absence of an agreed theory of CSE. What 
are its constituent elements? What mecha- 
nisms are involved? What programmatic 
and ethical outcomes does it produce and 
under what circumstances? And how do 
these vary according to the nature of the 
science and the specific settings of applica- 
tion? Answers to these individual questions 
would not only provide insights about how 
CSE works in various contexts but would 
also facilitate the development of useful 
theory, which will be essential to move CSE 
beyond a static and critically unexamined 
set of practice conventions. 

Second, the coherence and comparabil- 
ity of the evidence is undermined by the 
extraordinary degree of variability in the 
working language for CSE. Concepts, such 
as “engagement,” “sensitization,” “mobiliza- 
tion,’ “empowerment,” and “trust-building,” 
are often conflated and interchanged casu- 
ally, even though the goals and outcomes 
they imply differ substantially. Similarly, 
assumptions about what constitutes the 
relevant “community,” or who should be 
counted as a legitimate “stakeholder,” are 
often poorly stipulated or specified. This 
conceptual ambiguity and _heterogene- 
ity compounds the problem of insufficient 
precision and explicitness in the reporting 
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of the social processes and outcomes asso- 
ciated with the prevalent concepts, which 
frustrates efforts to compare study findings. 

Third, there is a tendency to think nar- 
rowly about CSE, or to emphasize or exag- 
gerate some aspects relative to others. For 
example, CSE strategies tend to rely heavily 
on mechanisms such as community advisory 
boards, which typically provide limited and 
uncertain representation of the full range of 
relevant stakeholder interests and perspec- 
tives. They also emphasize communications 
and various strategies for developing and de- 
livering “key messages” to educate host com- 
munities about the goals and merits of the 
science program. The provision of informa- 
tion is a necessary aspect of CSE but is often 
emphasized at the expense of listening to and 
acknowledging the interests of stakeholders. 
For example, a recent HIV pre-exposure pro- 
phylaxis trial for women was critically under- 
mined when it was discovered that many of 
the participants were simply not using the 
study product (0). The women’s interests 
in the trial—their reasons for participating— 
were at odds with the researchers’ expecta- 
tions, but these were not identified through 
the conventional engagement mechanisms. 

Fourth, the circumstances described above 
exacerbate an emerging tension between 
moves to standardize CSE practices and mea- 
surement strategies in science programs (5, 
11) and the need to customize them to account 
for unique social, economic, political, and 
cultural complexities that shape the contexts 
within which CSE strategies are executed. 
Even relatively simple CSE strategies involve 
multiple interacting components; long, non- 
linear implementation chains; and complex 
sets of human interests, relationships, and 
associations. In many cases, the motivating 
interests, reasoning, and behavior of stake- 
holders are active mechanisms in the perfor- 
mance of the science program itself (12). The 
development of generic approaches to CSE in 
the form of core principles (4), best practices 
(5), and key metrics and indicators (17) pro- 
vides useful momentum for the development 
of CSE as a legitimate domain of knowledge 
generation but is unlikely to provide reliable 
guidance precisely when effective CSE might 
be most valuable, that is, when the science 
is controversial or when the human contexts 
are most complex and/or contentious. Undue 
confidence in standardized approaches to 
CSE could inadvertently weaken the force of 
appeals for better evidence. 


IS EVIDENCE WORTH THE INVESTMENT? 

In light of these challenges, the broader ques- 
tion for science policy and programming is 
whether funders should accept that CSE has 
sufficient potential value for the performance 
of certain science programs—in addition to 
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the ethical rationales that likely motivate 
the majority of investments in CSE—to war- 
rant greater investment in an appropriate 
evidence base. The uncertainty rests on some 
unresolved, but fundamental, questions 
about the relationship between science pro- 
grams and those who might have legitimate 
grounds to be considered stakeholders. Un- 
der what circumstances is CSE necessary? 
How much and what kind of CSE is neces- 
sary? What standing do stakeholders have to 
assert their interests in any science program 
and by what processes? What factors should 
determine the weight that any set of stake- 
holder interests should carry? What specific 
obligations should the scientific program be 
required to acknowledge and accept, includ- 
ing obligations to make changes to their pro- 
tocols or practices to avoid setting back—that 
is, harming—stakeholder interests? More 
broadly, how should science programs be 
planned, designed, and managed—including 
the necessary flexibility in budgets and proto- 
cols—to allow them to act on valuable stake- 
holder insights to improve their protocols, 
practices, and impact and to make changes to 
avoid harm? These questions have deep nor- 
mative implications, but, without adequate 
empirical evidence, they are destined to re- 
main marginal curiosities. Table S1 provides 
an overview of some of the key components 
of CSE strategies and a selection of some of 
the current gaps in evidence. 


DESIGN AND MANAGEMENT 

Despite the linguistic and conceptual vari- 
ability described above, CSE has a rela- 
tively stable core logic. Science programs 
are often designed, and final protocol and 
budget decisions made, remotely from the 
settings and populations in which they will 
be conducted. Although scientists tend to 
emphasize the potential benefits of their 
work, their programs can also feel like an 
imposition for some stakeholders and, in 
some cases, have negative implications for 
them. For example, comparative trials of 
new agricultural biotechnologies versus 
conventional crops can disrupt local mar- 
ket dynamics for small-holder farmers and 
create discord among neighbors. Therefore, 
some process is required to identify these 
potential implications and ensure that the 
appropriate understandings, agreements, 
and authorizations are sought from those 
whose interests may be at stake. 

Analogous engagement challenges in 
other sectors—in particular, private-sector 
product and service design and supply-chain 
management—have fueled enormous invest- 
ments, innovation, evidence generation, and 
industry-wide adoption of practices in cus- 
tomer-relationship management, customer- 
experience management, and a wide range 
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of human-centered design strategies. These 
developments have resulted in paradigm 
shifts in the way the interests and insights of 
consumers are elicited and incorporated into 
product and service design and development 
processes. For example, human-centered 
design strategies have produced acclaimed 
products and services, from the first Apple 
computer mouse to award-winning educa- 
tional programs to innovations in financial 
technology. These innovations share three 
main features. First, they are built on insights 
from consumers about their experiences with 
the products or services in question. Second, 
their development was motivated by the ab- 
sence of appropriate management strategies 
that could reliably deliver consumer insights 
to inform product and service design. And 
third, they are highly transferable models, 
applicable wherever consumers’ reasoning 
and behavior play a role in the performance 
of the product or service. 

The relevance and importance of these fea- 
tures for CSE cannot be overstated. Insights 
about stakeholder interests and perspectives 
provide the ethical foundation for CSE (73). 
But they also offer unique value as a means 
of critically examining, and refining, the de- 
sign of science programs in response to the 
specific circumstances of a given research 
setting. As such, these insights about stake- 
holder interests also provide an important 
unit of analysis for a great deal of the nec- 
essary empirical research on CSE: What in- 
terests do stakeholders have in our science 
programs? How can we best address them? 
How do stakeholders want to be engaged? 
And how can engaging with stakeholders im- 
prove the performance of science programs? 

Like customer-relationship management, 
or human-centered design, CSE involves the 
design and management of social processes. 
An early experience of the Eliminate Dengue 
program (now called the World Mosquito 
Program) (14) offers a useful illustration. In 
its initial open-release trials of Wolbachia- 
infected mosquitoes for population §re- 
placement in pursuit of a scalable dengue 
virus-transmission control strategy, Elimi- 
nate Dengue engaged a wide range of stake- 
holders in Queensland, Australia (/4). The 
aims were to facilitate successful trials and to 
avoid imposing the technology on the popu- 
lation against its will. The CSE effort was 
widely considered to be successful. Though, 
for the reasons elaborated above, there was 
no established standard of “success” to guide 
an evaluation. Our case study of the Elimi- 
nate Dengue CSE strategy sought to critically 
examine the perceptions of success through 
in-depth interviews with a wide range of 
stakeholders, including Eliminate Dengue 
team members, regulators, a local federal 
cabinet minister, and local business owners 
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and residents. On the basis of this study (14), 
T highlight six specific features that appear to 
have contributed to an impressively uniform 
perception of success among stakeholders: 
(i) consistent support (enabling conditions) 
from the funder and implementation partner 
to prioritize CSE activities, (ii) clear and con- 
sistent leadership to establish CSE as a key 
priority within the program, (iii) an inclusive 
view of stakeholders, (iv) a proactive ap- 
proach to eliciting stakeholder interests and 
insights and a willingness to be flexible with 
the design and conduct of the tri- 
als in response to them, (v) a clear 
and coherent set of guiding prin- 
ciples and ethical commitments to 
stakeholders, and (vi) an explicit 
management strategy, effectively 
integrated with the general day- 
to-day program management, that 
operationalized the program’s guiding prin- 
ciples and ethical commitments and adopted 
stakeholder interests as a central focus of 
overall program management (14). 


WHAT CAN FUNDERS DO? 

A number of major funders of science pro- 
grams have already made substantial invest- 
ments in research on CSE, including the 
Wellcome Trust, the National Institutes of 
Health, and the Bill & Melinda Gates Foun- 
dation. These investments have helped to il- 
luminate some of the latent potential of CSE, 
but the limited evidence they have generated 
remains largely unknown among funders 
and generally insufficient to overturn a seem- 
ingly common view of CSE as simply another 
administrative requirement. Funders have a 
unique power to reframe this narrative, and 
better justify investments in evidence about 
CSE, by emphasizing its potential to improve 
the performance, as well as the ethics, of sci- 
ence programs. 

In addition, although a central premise 
of CSE is that “feedback” from stakehold- 
ers is important, science programs are 
usually not structured in ways that permit 
meaningful revisions or refinements to pro- 
grams—particularly to their protocols and 
budgets—in response to insights and feed- 
back from stakeholders. Funders could sub- 
stantially advance the mutual value of CSE 
for researchers and stakeholders by experi- 
menting with more flexible and responsive 
management strategies, including innova- 
tions in protocol and budget processes, and 
studying the implications for various as- 
pects of program performance. A timely ex- 
ample of this type of innovation comes from 
the Canadian International Development 
Research Centre (IDRC), which has recently 
published results of the implementation of a 
new tool it has developed to assess the qual- 
ity of the research it funds, called Research 
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Quality Plus (RQ+) (5). The development 
of the tool reflects IDRC’s acknowledgment 
of “the crucial role of stakeholders and us- 
ers in determining whether research is sa- 
lient and legitimate. It focuses attention on 
how well scientists position their research 
for use, given the mounting understanding 
that uptake and influence begins during the 
research process, not only afterwards” (15). 

In many scientific fields, a lack of agree- 
ment on nomenclature and conceptualiza- 
tion has presented obstacles to progress and 


“..science programs are usually not 
structured in ways that permit meaningful 
revisions...in response to...stakeholders.” 


has required extensive negotiations and de- 
liberations, often in the form of specific con- 
ferences or consensus-building processes. In 
many cases, these initial deliberations have 
been critical for the advancement of the dis- 
cipline and have given rise to some enduring 
governance structures, such as the Interna- 
tional Union of Pure and Applied Chemistry 
and the Diagnostic and Statistical Manual of 
Mental Disorders of the American Psychiatric 
Association. For CSE, those funders who are 
most committed to building an appropriate 
evidence base might form a consortium to 
shape a working consensus on basic concepts 
and nomenclature for CSE to ensure that evi- 
dence is built on a sound conceptual architec- 
ture, before endorsing and adopting specific 
“standards” of practice for CSE. 

At a minimum, funders should examine 
their current investments in CSE associ- 
ated with science programs and ask whether 
these investments are contributing to the 
evidence base for CSE. Some of the neces- 
sary insights about how CSE works might 
be achieved simply by encouraging better 
reporting and scrutiny of the CSE strategies 
already being implemented in many science 
programs: What were the aims of these strat- 
egies? Did they work as expected? How and 
why did they work, or not work, in various 
contexts? What outcomes were attributable 
to the CSE? And how, if at all, were these 
outcomes conceptualized and measured? 
More production and reporting of this type 
of evidence should eventually reduce un- 
productive conceptual and linguistic vari- 
ability and could provide valuable insights 
to improve theories of change for how CSE 
works and identify what tailoring and scal- 
ing might be required by different contexts. 
Improved reporting on these questions could 
also provide momentum for a broader re- 
search agenda for CSE, which could prove to 
be valuable across a wide range of scientific 


Published by AAAS 


disciplines. Table S1 offers a point of depar- 
ture for such a research agenda. 

Because there is a self-evident sense in 
which stakeholders ought to have some say in 
what is done to them, with them, or on their 
behalf, funders have already incorporated 
CSE into many of their science programs. 
Perfect agreement about the best ways to 
conceptualize and design CSE strategies is 
not necessary to improve funding and imple- 
mentation practices. An empirical evidence- 
based approach will eventually sort out how, 
and under what circumstances, 
CSE adds both ethical and practi- 
cal value to science programs. A 
management-oriented approach 
to evidence generation that fo- 
cuses on the interests and expe- 
riences of stakeholders may yield 
important insights about how 
CSE functions in various contexts, analogous 
to strategies used in customer-relationship 
and -experience management and human- 
centered design strategies in product and 
service development. Such an approach may 
offer critical insights about how the deeper 
ethical goals of CSE (13) might be more re- 
liably accomplished. Research funders and 
implementation partners can play a critical 
role in enabling and establishing this evi- 
dence base to guide the appropriate utiliza- 
tion of CSE strategies in science programs. 
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Turn it up 


Science meets metal in 
a musical introduction to 
modern physics 


By David J. Reilly 


ith increasing numbers of students 

entering tertiary education, main- 

taining interest in the physical 

sciences requires new approaches 

to engagement that marry course 

content with students’ passions 

and interests beyond the classroom. In 

Philip Moriarty’s book, When the 

Uncertainty Principle Goes to 

ll: Or How to Explain Quantum 

Physics with Heavy Metal, intro- 

ductory physics comes to life with 

the energy and enthusiasm of a 
Metallica concert. 

Attempting to explain quan- 

tum mechanics by using heavy 
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references while explaining Heisenberg’s 
uncertainty principle, the cosmic micro- 
wave background, and the statistical me- 
chanics of crowds in a concert mosh pit. 
The book zigzags between physics, blog 
references, links to YouTube videos, and 
commentary of the author’s own life as a 
musician and nanoscientist. 

Paired with quirky illustrations by Pete 
McPartlan, When the Uncertainty Principle 
Goes to 11 makes for a refreshing and accessi- 
ble introduction to nanoscience for the curi- 
ous metalhead. The book features some deep 
dives into the techniques of scanning tunnel- 
ing microscopy and its use in arranging and 
probing single atoms for the construction of 
atomic electronic devices and somehow con- 
nects these concepts back to heavy metal. 

Readers raised on a diet of shred-guitar 
chops will find Moriarty’s end- 
less analogies amusing and use- 
ful on-ramps to a repertoire of 
modern physics. His analysis 
of Eddie Van Halen’s guitar ef- 
fects pedals and the quantitative 
comparison between the sound 
of the Big Bang and the loudest 
heavy metal concert are worth 


metal music may at first sound belie ue Uncertalnty the price of admission alone. 

; Principle Goes to 11 pace iS : 

like a challenge worthy of a game ae wen Despite its title, though, the 
. Philip Moriarty 

show. And yet at closer inspec-  BenBella Books, 2018, |. book turns down the volume on 

tion, it becomes clear that music 350 pp. quantum mechanics, entirely 


is an ideal platform for introduc- 
ing concepts including the physics of waves, 
harmonics, resonance phenomena, energy 
conservation, and Fourier analysis in acces- 
sible and relatable ways. 

Moriarty blends humor with pop-culture 
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skipping references to quantum 
entanglement or the new quantum infor- 
mation science that is currently propelling 
the quest for technologies such as quan- 
tum computers, sensors, and secure com- 
munications systems. Rather, Moriarty’s 
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perspective is that quantum mechanics 
is mostly just wave mechanics, devoid of 
enigmatic concepts and thus not so mind- 
bending after all. 

“Ultimately, wave interference is the 
source of all the weirdness of the quantum 
world,” he states. Pushing back against the 
new-age peddling of Deepak Chopra’s 
“quantum woo” is one thing, but in his ef- 
fort to make the quantum world accessible 
to the many, Moriarty also squeezes out 
most of the mystery that has perplexed the 
best minds for the past 100 years. 

Still, as a platform for science engage- 
ment, musings about the deep connections 
between science, technology, and culture 
make for compelling reading, and Mori- 
arty’s book is no exception. As the histo- 
rian Patrick McCray underscores (see his 
engaging blog Leaping Robot), our under- 
standing of scientific concepts and their 
technological importance is deeply en- 
trenched and shaped by cultural forces. 
McCray and other scholars have argued 
that we owe much of today’s technology to 
yesteryear’s science-fiction writers, who, in 
their imagination, promoted a dazzling vi- 
sion for the future and articulated much of 
the technological roadmap, long before sci- 
ence knew how to get there. In this order, 
culture leads and technology follows. 

In music, as in film and other forms of 
artistic expression, it is often the imperfec- 
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Researchers have shown that the same mathematical 
function can be used to describe the movement 
of molecules in a gas and moshers at a metal gig. 


tions imposed by the technologies of the 
day that establish and define cultural ep- 
ochs. These technological limitations come 
first, shape our human experiences, and 
create subcultures that follow. 

Distorted electric guitar sounds that 
define heavy metal music were once a 
nuisance derived from the limitation of 
guitar amplifier technology. Now, we have 
software tools, running on processors built 
from billions of transistors, that emulate 
the sound of a single vacuum tube, because 
tubes sound better. 

Entire cultural epochs get wrapped up 
into layers of these technological limita- 
tions. To a discerning ear, for instance, 
the sound of recorded music of the 1980s 
is distinctive. With a little practice, an 
opening chord or drum lick is all it takes 
to instantly reference the particular spec- 
tral character of iron-oxide tape that was 
prevalent throughout recordings from this 
era. And how about that filter Huji, which 
makes your Instagram photos look like 
they were shot with a disposable camera? 

In Moriarty’s book, the technology- 
culture feedback comes full circle. Initially 
shaped and defined by the technologi- 
cal limits of making music louder (much, 
much louder), the subculture of heavy 
metal music now provides an opportunity 
to engage with, and comprehend, funda- 
mental physics. 

10.1126/science.aau3244 


Waveform interference is a key feature of the double- 
slit experiment and Eddie Van Halen’s “brown sound.” 
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GENETICS 


Lateral moves 


An engaging history reveals the scientific struggle to 
understand horizontal gene transfer 


By Ivor T. Knight 


ight percent of the human genome 
originated in virus genomes, including 
genes now essential to human life. This 
is just one insight gleaned from the 
current deluge of genome data that is 
providing ever more evidence for what 
we have long known to be true about micro- 
organisms: The transfer of genetic material 
from one organism to another, or horizon- 
tal gene transfer, is an important source of 
variation and a factor driving evolution. 

In David Quammen’s new page turner, 
The Tangled Tree: A Radical New History of 
Life, the author reveals how new molecular 
techniques have come to revolutionize the 
way we understand evolutionary 
processes and how we classify 
life into coherent groups. In an 
accessible style that has won him 
accolades in the past, Quammen 
does a marvelous job of weaving 
together the scientific and hu- 
man story of this revolution. 

In the first chapters, Quammen 
lays the groundwork, recounting 
how a tree came to be the pre- 
ferred graphic illustrating order in 
the complexity of life. Here, he in- 
cludes anecdotes about the historical figures 
involved and colorful descriptions of their 
trees. The geologist Edward Hitchcock’s tree, 
for example, is described as looking “more 
like a windbreak of tightly placed Lombardy 
poplars grown to maturity along a roadway.” 

Early in the book, Quammen introduces 
Carl Woese, the pioneering scientist who 
used ribosomal RNA differences among 
microorganisms to discover a third king- 
dom of life (Archaea). Quammen meticu- 
lously researched Woese’s life, conducting 
countless interviews with those who knew 
him and poring over his papers in the ar- 
chives at the University of Illinois. He pro- 
vides a particularly detailed account of 
the development of Woese’s famous 1980 
paper with George Fox that described the 
evidence for three kingdoms (1), even delv- 
ing into the contentious discussion of au- 
thorship order among the two. 
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The stories of other well-known scientists 
weave in and out, including Lynn Margu- 
lis, with whom Woese battled bitterly over 
whether there are five or three kingdoms of 
life. We learn that, ironically, it was Woese’s 
ribosomal RNA evidence that showed bac- 
teria to be the ancestor of mitochondria in 
eukaryotes, consistent with Margulis’s once 
controversial endosymbiotic theory. 

The primary evidence for horizontal gene 
transfer, the reason for the tangles in the tree, 
comes from comparative molecular analysis. 
Here again, Quammen uses the stories of sci- 
entists to contextualize the technical explana- 
tions of bacterial gene transfer mechanisms, 
describing the exciting discoveries of Oswald 
Avery, Frederick Griffith, Tsutomu Watanabe, 
and Esther and Joshua Lederberg. 

Like Quammen’s_ previous 
works, this book is meant to be 
widely read and communicates 
the process of scientific inquiry 
as effectively as it does the results 
of the inquiry. The bitterness and 
grudges that existed between 
scientists passionately compet- 
ing in the discovery process are 
described along with the selfless 
gestures and lifelong loyalties 
that often existed in the same 
relationships. On occasion, Quammen takes 
the reader aside to provide a direct insight, 
such as the fact that relationships among 
scientists are always shaped by personal 
chemistry: “It’s a smallish world these sci- 
entists live in, much interconnected.” 

My only criticism is that some of the 
book’s shorter sections strayed into top- 
ics that seemed a bit out of place for a 
primarily historical account. For example, 
there is a short section on CRISPR that did 
not seem especially relevant to the book’s 
central themes. This, however, is a minor 
concern. Such diversions certainly did not 
detract from the overall reading experience. 

In The Tangled Tree, David Quammen has 
once again crafted a delightful read on a 
complex and important subject. This story 
about the revolution in our understanding 
of the history of life is a tale well told—and 
one that has far-reaching implications. 


REFERENCE 
1. G.E.Foxetal., Science 209, 457 (1980). 
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Protected land: Many 
factors shape success 


The design of effective protected areas (PAs) 
is widely debated. In their Report “One-third 
of global protected land is under intense 
human pressure” (18 May, p. 788), K. R. 
Jones et al. show that the “human footprint” 
inside the majority of the world’s protected 
areas has increased and suggest that PA 
performance can be improved by “upgrad- 
ing” PAs with increased restrictions on 
human activities. They link their metric to 
biodiversity conservation goals, but different 
components of the human footprint will 
vary widely in terms of impacts. For exam- 
ple, maintenance of pasture lands may be 
compatible with conservation in some PAs 
(1). Increased access to PAs (by way of roads 
and rivers, for example) also leads to diverse 
outcomes: Wildlife poachers have a different 
impact than visitors to sacred sites (2). Some 
components of the human footprint (such 
as roads) also affect indigenous lands, local 
resource rights, and cultural diversity, as 
areas of high biodiversity often correspond 
with high cultural diversity (3, 4). 
Conservation policies require an under- 
standing of relevant drivers, not only the 
IUCN category and PA size as suggested 
by Jones et al. Recent syntheses of theory 
[e.g., (5, 6)] point to a diverse set of factors 
that influence the effectiveness and ethical 
standing of conservation. Use of adaptive 
approaches, diverse and nested systems of 
governance, respect for indigenous rights 
and responsibilities, and the integration of 
diverse worldviews and knowledge systems 
have all been shown to influence conserva- 
tion outcomes (5, 6). 


SCIENCE sciencemag.org 


Prescribing changes to PA design and 
management requires outcome indica- 
tors that are linked to policy targets and 
accurately depict local realities (7). These 
indicators will be more just and effective 
if they incorporate priorities, worldviews, 
caretaking practices, and knowledge 
systems of stakeholders as components 
of the social-ecological system in which 
the PA is embedded (7-9). How we 
measure success matters. Lumping all 
human activity into one metric of “human 
pressure” may not help biodiversity con- 
servation in the long run. 
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Protected land: Threat 
of invasive species 


In the Report “One-third of global 
protected land is under intense human 
pressure,” (18 May, p. 788), K. R. Jones e¢ al. 
conclude that 6 million square kilometers 
(32.8%) of protected land is under intense 
human pressure. Jones et al. assessed 

the intensity of human pressure with the 
human footprint index, which quanti- 

fies the proportional representation of 
agricultural land use, urbanization, and 
human infrastructure at a 1-km? resolution 
across the globe (7). However, this index 
underestimates the considerable impact of 
invasive alien species on the biodiversity of 
protected areas distant from any evidence 
of human activity or infrastructure. 

Many of the protected areas identified by 
Jones et al. as experiencing low human pres- 
sure are in fact undergoing major ecosystem 
changes as a result of invasive alien species. 
These include extensive felling of native 
forest in southern Chile by North American 
beavers (2), introduced European muste- 
lids jeopardizing the survival of endemic 
flightless birds in isolated mountain areas 
of southern New Zealand (3), and high 
densities of North African camels altering 
the remote outback ecosystems of western 
Australia (4). Even far-flung sub-Antarctic 
islands, with no resident human population, 
have seen degradation of biodiversity as a 
result of introduced rats and cats (5). 

Current understanding of invasive alien 
species impacts in protected areas remains 
poor (6). Although species inventories may 
give an indication of the pressure posed 
by invasive alien species in protected 
areas, greater effort is required to quantify 
the impacts of invasive alien species in 
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remote protected areas, control existing 
populations, and prevent further spread. 
Biological invasions are undoubtedly abet- 
ted by human infrastructure and land use, 
but they are able to spread far away from 
such locations remarkably rapidly (7). The 
human footprint index does not capture the 
intensity of invasive alien species impacts 
distant from human infrastructure and thus 
may provide a false sense of protected area 
integrity where, in fact, species and ecosys- 
tem functions are in serious decline. 

Philip E. Hulme 

The Bio-Protection Research Centre, Lincoln 


University, Canterbury, New Zealand. 
Email: philip.hulme@lincoln.ac.nz 


REFERENCES 


1. O.Venter et al., Sci. Data 3, 160067 (2016). 

2. D.A.Wardle, R. Bardgett, R. M. Callaway, W. H. Van der 
Putten, Science 332, 1273 (2011). 

3. C.F.J.O'Donnell, K.A.Weston, J.M. Monks, NZJ. Ecol. 333, 
31(2017). 

4. A.P.Woolnough, G. Edwards, Q. Hart, Rangelands J. 38,109 

(2016). 

. J. Dawson, Conserv. Biol. 29, 143 (2015). 

. P.E.Hulmeetal., Conserv. Lett.7,459 (2014). 

7. P.E.Hulme, Science 335, 537 (2012). 


ano 


10.1126/science.aau3784 


Response 


To respond to Gavin et al., we empha- 

size that when evaluating protected area 
performance, it is important at the outset 
to have a clear definition of success. Under 
the International Union for Conservation 
of Nature’s definition, successful pro- 
tected areas “conserve the composition, 
structure, function and evolutionary 
potential of biodiversity” (7). Although 
some protected areas are clearly important 
for the preservation of cultural values or 
ecosystem services, these goals only apply 
if they “do not interfere with the conser- 
vation outcome” (7). For a protected area 
to successfully conserve the full range of 
biodiversity, it must therefore be free from 
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western Australia. 


those human pressures that negatively 
affect species and ecosystems. 

Gavin and colleagues question whether 
the human footprint adequately represents 
human pressure on biodiversity within 
protected areas. The human footprint uses 
fine scale (1-km?) data on eight different 
human pressures, including land use, infra- 
structure, population density, and human 
access, all of which have been shown to 
drive biodiversity declines, increase species 
extinction risk, and impede species move- 
ment (2, 3). Although the human footprint 
does not directly map some important pres- 
sures, such as invasive species and climate 
change, and hence may underestimate total 
pressure, it includes many anthropogenic 
pressures that are known to seriously affect 
biodiversity (4). Given the overwhelming 
scientific consensus showing that human 
pressure is detrimental to biodiversity, it is 
sensible to assume that if pressures occur 
inside protected area boundaries, they are 
likely to compromise the biodiversity that 


those sites have been designated to conserve. 


We agree with Gavin et al. that there is 
substantial local variation in the importance 
of different human pressures and that a 
diverse range of approaches is required to 
stop those pressures from threatening biodi- 
versity within protected areas. We also agree 
that it is critical to consider local realities 
and different governance systems, to respect 
indigenous rights, and to promote social 
and ecological justice. However, regardless 
of the site-based approach used, effective 
conservation outcomes can only occur when 
the human pressures causing biodiversity 
declines are halted. Allowing humans to 
hunt and farm within protected areas in 
ways that degrade species populations and 
their habitat will, by definition, undermine 
the ability of protected areas to achieve their 
fundamental goal (7). For Earth’s remaining 
biodiversity to have any chance, big changes 


Published by AAAS 


in how we plan for nature conservation are 
now crucial (5), and a critical part of any 
future plan will be ensuring those places set 
aside to secure biodiversity actually work. 

Hulme correctly points out that the 
human footprint does not explicitly map 
invasive species, and therefore likely under- 
estimates their impacts within protected 
areas. In our Report, we included the caveat 
that “the human footprint does not account 
for all pressures affecting biodiversity, such 
as poaching or climate change.” Indeed, a 
comprehensive map of human pressures 
would likely reveal no truly impact-free 
land within protected areas, or anywhere 
on Earth, as close inspection in even the 
most remote areas reveals trace pollutants 
(6), plastics (7), and signs of anthropogenic 
climate change (8). 

We recognize that invasive species are a 
key threat for almost one-quarter of endan- 
gered species (9), and their exclusion from 
the human footprint is not a minor omis- 
sion. However, the human footprint may 
implicitly include many pressures that are 
not explicitly mapped. In particular, human 
population density closely explains invasive 
species prevalence in protected areas (10), 
and roads provide a major conduit for the 
spread of exotic plants (77). Moreover, poach- 
ing is strongly correlated with roads and 
other forms of access (12). Through these 
relationships, the human footprint does, in 
part, act as a proxy for unmapped threats 
such as invasive species and poaching. 

Nevertheless, a revised human footprint 
directly capturing a more comprehensive 
range of threats to biodiversity is clearly a 
future research priority. Beyond this, it is 
crucial to project future risks to biodiver- 
sity from threats such as climate change 
(8) and determine the most appropriate 
actions to help biodiversity survive these 
impacts. Importantly, one of the funda- 
mental ways to manage global scale threats 
such as climate change is to stop more 
easily abatable threats, such as those con- 
sidered in the human footprint (73). 

In the era of big data and bottom-up, 
user-driven mapping approaches [such 
as OpenStreetMap (14)], developing a 
more comprehensive map of threats to 
biodiversity, including the presence of 
invasive species, is becoming increas- 
ingly possible. Given the accelerating rate 
of human encroachment on the natural 
environment (15), it is also becoming 
increasingly important. 
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Comment on “Unexpected reversal of 

C; versus C, grass response to elevated 
CO, during a 20-year field experiment” 
Julie Wolf and Lewis Ziska 

Reich et al. (Reports, 20 April 2018, p. 317) 
assert that the responses of C3 and C, grass 
biomass to elevated CO, “challenge the 
current C3-C, [elevated CO,] paradigm,” but 
these responses can be explained by the 
natural history of the experimental plants 
and soils without challenging this paradigm. 
Full text: dx.doi.org/10.1126/science.aaul073 


Response to Comment on “Unexpected 
reversal of C, versus C, grass response 
to elevated CO, during a 20-year field 
experiment” 

Peter B. Reich, Sarah E. Hobbie, Tali D. 
Lee, Melissa A. Pastore 

Wolf and Ziska suggest that soil and species 
attributes can explain an unexpected 20-year 
reversal of C3-C, grass responses to elevated 
CO,. This is consistent with our original 
interpretation; however, we disagree with the 
assertion that such explanations somehow 
render our results irrelevant for questioning a 
long-standing paradigm of plant response to 
CO; based on C,-C, differences in photosyn- 
thetic pathway. 

Full text: dx.doi.org/10.1126/science.aaul300 
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PLANT ECOLOGY 


Comment on “Unexpected reversal 
of C; versus Cy grass response to 
elevated CO, during a 20-year 


field experiment” 


Julie Wolf* and Lewis Ziska 


Reich et al. (Reports, 20 April 2018, p. 317) assert that the responses of C3 and Cy, grass 
biomass to elevated COz2 “challenge the current C3-C, [elevated CO2] paradigm,” but these 
responses can be explained by the natural history of the experimental plants and soils 


without challenging this paradigm. 


eich et al. (1) explain that positive re- 
sponses of plant biomass to elevated CO, 
have disappeared in C3 grasses and ap- 
peared in C, grasses over the 20 years of 
the BioCON experiment. They assert, as 
do the authors of the associated Perspective 
(2), that these results challenge current expect- 
ations of Cs and C, plant responses to elevated 
CO. Additional context should be made availa- 
ble to qualify this assertion. The pattern docu- 


mented by Reich e¢ al. can be explained by con- 
sidering the natural history of the experimental 
plants and soils, without challenging general 
expectations of C3 and C, grass responses to 
elevated CO, in the absence of other limitations. 

The soil at the BioCON experimental field, 
which was not described in the paper or its sup- 
plement, was an excessively drained outwash sand, 
originally described as a Typic Udipsamment (3). 
When the experiments at the Cedar Creek Eco- 


system Science Reserve (including BioCON) were 
initiated, topsoil was bulldozed away from the 
experimental field to remove existing savannah 
vegetation and seedbank. The field was then 
fumigated with methyl bromide (4). Remaining 
subsoil would have been composed of >90% 
sand, with little organic matter aside from coat- 
ings on sand mineral surfaces. Therefore, despite 
its 20-year duration, the BioCON experiment do- 
cuments responses in a disturbed, developing soil. 
Although results from this experiment might be 
relevant to agricultural or urbanized soils (5), ex- 
trapolating to plant communities in mature, un- 
disturbed soils worldwide is problematic (6, 7). 
Several publications from BioCON have dem- 
onstrated the importance of plant species identity, 
species richness, and functional group diversity in 
moderating responses to CO, and N enrichment 
[e.g., (8-10)], yet Reich et al. have used results 
from monocultures and four-species assemb- 
lages of only Cz or Cy grasses to make a broad 
statement about the general responses of C3 
and Cy, grasses to elevated CO.. Despite variation 
among species, the C, grasses as a group tend to 
have higher nitrogen use efficiencies than C3 
grasses, reflecting their relatively smaller invest- 
ment of N in photosynthetic carboxylation enzy- 
mes (17). Given the individual characteristics of 
the eight experimental grass species (Table 1) (12) 
and the initial seeding rate of 12 g seed/m? for all 
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Table 1. Traits of the grass species grown in the BioCON experiment (12). 


Acti Mini Height at _Low- 
Common ete Growth Growth bite oe ie oe Water Drought Fertility 
Species growth Life span root depth maturity growing i 
name é form rate . usage tolerance requirement 
period (inches) (feet) grass? 
eae dete Sn) Mtn ihe ABN FON, GRR nee esteem meh ener Aen eS CaISDECIOS SOEn ae tae eat nian nite Trae er ere ane ua ateet a a Pe ete are ee 
Andropogon Big bluestem = Summer Long Bunch Moderate 20 6 No Low High Low 


gracilis 


Schizachyrium Little bluestem Summer Long Bunch Moderate 14 3 No Low High Low 
scoparium and fall 

eens Rarer ae ee eneeee ieee eee re Gee eau ae ae ag eee anes ae 

_ nutans and fall 


Elymus Quackgrass Spring and Moderate Rhizomatous Rapid 14 2.6 Yes Medium Low Medium 
(Agropyron) summer 
re SDS ee OO ee te ee Nr ee Or ene eee ee ae ee eer ee 
Bromus Smooth brome Spring, Long Rhizomatous Moderate 12 AS Yes Medium Medium High 
inermis summer, 
and fall 
a eae ; ere nee aie ir a eee ears inane A aig aa aera Hee we ene tals 
cristata and fall 
(macrocantha) 
eee See er nes Kone iviaeess ee ee eee Sena a hore es ee fe oe High egies es Hee abn. 
bluegrass summer, 
and fall 
Wolf and Ziska, Science 361, eaaul073 (2018) 10 August 2018 lof2 
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plots (8), the C3 grasses would be expected to fill 
their plots faster than the C, grasses, which they 
did; the C3 grasses grew greater overall biomass 
per plot than the C, grasses in the first few years 
(2). Short-lived positive responses of the C3 plant 
biomass to elevated CO, might also be expected, 
because their higher overall leaf N contents allow 
for some dilution of N; increased aboveground 
biomass with diluted N under elevated CO, was 
indeed observed in early years (13). 

The low fertility and water-holding capacity 
of the experimental soils, however, would favor 
the experimental C, grass species over time, be- 
cause their fertility requirements—and, in some 
cases, their water requirements—are lower than 
in the C3 species grown (Table 1). This advantage 
would not be obvious in the earlier years of the 
experiment, because of the slower growth rates 
and longer lifespans of the C, species relative to 
the C, plants grown (Table 1), but C, biomass 
would be expected to increase relative to C3 
plants over time in these conditions, with asso- 
ciated increases in organic matter additions to 
the soil from roots and litter. Eventually, the C, 
plots would accumulate more organic matter, 
providing carbon substrate for N-mineralizing 
microbes, as well as increased soil nutrient and 
water-holding capacity. These changes would 
alleviate N and H,O limitations in the C, plots 
relative to the Cs plots, leading to further en- 
hancements in annual biomass accumulation 
and nitrogen mineralization rates. Therefore, 
the observed shifts in relative response to ele- 
vated CO, over time relate to the differential 
nutritional requirements also inherent in C3 and 
C, photosynthetic metabolism, as well as to ex- 
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perimental conditions. Consequently, the obser- 
vations do not disagree with general expectations 
of C3-C, dynamics under elevated CO. when no 
other limitations are present. 

In addition to methods used to prepare the 
site before treatment application, the statistical 
design of the free-air CO. enrichment (FACE) 
arrangement is also important. The authors state 
that the 88 one- and four-species, C3-only and C,- 
only plots analyzed constitute a fully factorial ex- 
periment. In fact, these plots are a subset of a 
broader experiment where three ambient and 
three elevated FACE rings provide blocked CO, 
treatments, and N, functional group, and species 
richness treatments are applied as fully factorial 
split-plot treatments within the blocks (0). The 
monoculture and four-species plots analyzed in 
this paper are unevenly distributed among three 
ambient and three elevated FACE rings. This 
unbalanced design usually means that the model 
sum of squares for overall treatment effects is not 
equal to the sum of individual treatment sums 
of squares, which precludes straightforward 
repeated-measures analysis (14). The authors 
do not describe how their statistical analysis 
addresses these limitations, nor do they mention 
any multiple-test correction to the P values ob- 
tained in this and earlier reports of noninde- 
pendent response variables over the years of the 
experiment. 

We recognize that long-term (20-year) experi- 
ments such as BioCON are invaluable and provide 
unique information; however, before extrapolat- 
ing to a broader, ubiquitous inference, attention 
should be given to both the statistical details and 
the broader context of the environmental limita- 
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tions associated with the location. In low-n FACE 
experiments, as described here, underlying var- 
iability in soils, particularly nutrient availability, 
could have an outsized impact on result inter- 
pretation [e.g., (15)]. 

The general theory of C3-C4 dynamics under 
elevated COs, and its use in the Earth System 
Models that encode it, is a fundamental aspect of 
plant biological responses to rising carbon dioxide. 
Questioning this aspect should be encouraged. 
However, we would caution that additional re- 
search is necessary before the C3-C, dynamic in 
response to CO, is invalidated. 
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TECHNICAL RESPONSE 


PLANT ECOLOGY 


Response to Comment on 
“Unexpected reversal of C; versus C4 
grass response to elevated CO, during 
a 20-year field experiment” 


Peter B. Reich’”*, Sarah E. Hobbie*, Tali D. Lee*, Melissa A. Pastore® 


Wolf and Ziska suggest that soil and species attributes can explain an unexpected 20-year 
reversal of C3-C, grass responses to elevated CO>. This is consistent with our original 
interpretation; however, we disagree with the assertion that such explanations somehow 
render our results irrelevant for questioning a long-standing paradigm of plant response to 
COz2 based on C3-C, differences in photosynthetic pathway. 


n a thoughtful consideration of the mecha- 

nisms responsible for the unexpected rever- 

sal of Cz versus C, grass community responses 

to elevated CO, observed over a 20-year peri- 

od (2D, Wolf and Ziska (2) make many excel- 
lent points. However, they inaccurately represent 
the interpretations and conclusions of our paper, 
include at least one key factual error, and come to 
several conclusions that we believe the evidence 
does not support. 

The thesis of Wolf and Ziska is that our results (7) 
can be explained by considering the natural history 
of the experimental plants and soils “...without 
challenging general expectations of C3 and C, 
grass responses to elevated CO, in the absence 
of other limitations.” We agree that considera- 
tion of the natural history of these plants and 
soils can help to illuminate the mechanisms and 
patterns we observed, but nonetheless our long- 
term results do challenge predictions one would 
make purely from photosynthetic pathway impli- 
cations. Moreover, we find curious the authors’ 
assumption that general expectations of C3 ver- 
sus C, responsiveness to elevated CO, have his- 
torically been framed as relevant only when no 
other limitations are present (which in any case 
never or almost never occurs); instead, such dif- 
ferences between Cz and C, species are considered 
to hold generically, across the full spectrum of 
limitations. Additionally, we dispute that we 
extrapolated these results to grasslands globally; 
instead, we stated (J) in the penultimate sen- 
tence that “Our results thus serve as a reminder 
that even the best-predicted short-term ecosystem 
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responses to global change can yield mid-term 
(decades) to long-term (centuries) surprises, as 
complex responses and interactions may occur 
over time.” Our final sentence further stated that 
“Determining whether the mid- to long-term re- 
sponses demonstrated here are themselves broadly 
predictable represents a major unmet challenge 
for experimental and observational studies.” Both 
statements suggest that extrapolating from short- 
term physiology to long-term biogeochemistry 
may be problematic; however, they do not suggest 
that the specific responses of our experimental 
communities are repeatable elsewhere. 

Wolf and Ziska introduce three topics they 
think did not receive needed attention in our 
original paper: (i) the level of soil disturbance 
during establishment of the experiment, and thus 
the relevant ecological context for our study; 
(ii) the nature of the plant species used in the 
experiment, and what that might mean for in- 
terpreting the results; and (iii) whether elements 
of the statistical design and/or analyses were of 
concern. We address each in turn. 

As Wolf and Ziska note, the soil at the exper- 
imental site is sandy, nutrient-poor and very well 


Fig. 1. The CO2 effect on biomass in plots 
comprising C3 grasses and C, grasses 

in relation to total biomass in ambient CO>. 
Biomass (aboveground + belowground, O to 

20 cm) in ambient COz is shown for each year 
from 1998 to 2017 for plots comprising C3 grasses 
(open circles) and Cy grasses (solid circles); the 
COz effect on biomass is expressed as the 
difference in biomass between elevated 

and ambient COs. Each point represents 

data pooled across N treatments and across 
monoculture and four-species plots (equally 
weighted) for each functional group (n = 22 plots 


drained (3). It is not true, however, that “topsoil 
was bulldozed away from the experimental field 
to remove existing savannah vegetation and 
seedbank.” The experiment was established in an 
old field and topsoil was not removed; prior to 
planting, the experimental area was tilled to a 
depth of 25 cm, fumigated with methyl bromide 
to eliminate seeds of undesired plant species, 
and the soil reinoculated with unfumigated soil 
suspended in water (4, 5). It is true that the exper- 
iment is situated on disturbed soil (initially to 
institute agriculture long ago, and 20 years ago 
to establish the experiment). But much of the 
world’s grasslands are also disturbed, having 
experienced changes in grazer identity, fire re- 
gime, woody species control, cropping, and/or 
pasture management that also directly or in- 
directly influence soil properties. More impor- 
tant in our view is asking whether and how 
CO,-mediated feedbacks to the nitrogen cycle that 
occurred at this site might occur elsewhere in 
poor (or, for that matter, rich) soils. At present, 
we have little basis for knowing the answer. 
Thus, although we agree that “extrapolating to 
plant communities in mature, undisturbed soils 
worldwide is problematic,” we believe that our 
results are highly relevant for soils with chronic 
nitrogen limitations, whether disturbed or un- 
disturbed, akin to much of the world’s grass- 
lands, and much less relevant to agricultural 
systems, where nutrient inputs can easily swamp 
plant-driven feedbacks. 

Wolf and Ziska discuss differences in peren- 
nial C3 and C, grasses that may well be related to 
the different temporal patterns shown by the two 
functional groups (in both CO, levels) and sug- 
gest that these differences led to the shifting re- 
sponses to CO, over time. We agree that a number 
of aspects of physiology and life history likely led 
to these C3 grasses having high biomass in early 
years of the experiment, which then declined, 
and to the C, grasses slowly (if erratically) ramping 
up their biomass over time. What is unclear is 
whether these successional differences between 
the C3 and C, plants influenced their responses 
to CO,. Indeed, in future work, we plan to test a 
suite of interrelated hypotheses regarding whether 
plant-soil feedbacks and differences in resource 
use efficiency among C; and C, species contrib- 
uted to the differing temporal patterns of effects 


n 
s) 
is) 


CO, effect on biomass (g m) 


T 
1200 1600 


T T 
0 400 800 


Biomass in ambient CO, (g m) 


for each functional group at each COz level) in each year. There was no relationship (P > 0.10) between 
the COs effect size and the ambient biomass for all data pooled or for either functional group alone. 
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of elevated CO,. Here, we evaluated one related 
question that we pursued in the early stages of 
analyzing the data prior to publication: whether 
the relative “vigor” (as measured by biomass in 
ambient treatment) of the C3 versus C, grasses 
influenced their response to elevated CO». One 
might plausibly hypothesize that when a com- 
munity is growing most vigorously, it might have 
the greatest capacity to use extra resources, such 
as elevated CO. The data, though, provide no 
evidence that in years with high biomass accu- 
mulation under ambient COs, the biomass re- 
sponse to elevated CO, was higher (for either 
the Cs or C, group, alone or together) (Fig. 1). 
Nonetheless, we share the belief of Wolf and 
Ziska that ecosystem-scale changes driven by dif- 
ferences among Cz and Cy, species could play a 
role in the observed and future responses to 
elevated CO». It makes no sense, however, for 
Wolf and Ziska to lodge this as a criticism of our 
paper, as the mechanisms they propose (involving 
leaf nitrogen status and feedbacks to soil nitrogen 
biogeochemistry) are consistent with our obser- 
vations and interpretations. Thus, if ecosystem- 
scale temporal changes do play a role, they would 
likely help to explain and support our unexpected 
result, rather than suggest that we can continue to 
rely on the notion that C, grassland communities 
would be generally unresponsive to CO, while 
those dominated by C3 grasses would generally 
show biomass enhancement. We hope that by 
elucidating the underlying mechanisms in the 
future, we will be in a better position to evaluate 
the generality of the responses we observed. 
Wolf and Ziska also question three aspects of 
our statistical approach. First, we wish to clarify 
that despite their implication to the contrary, the 
88 plots do in fact constitute a complete factorial 
of species number, functional group, CO, treat- 
ment, and N treatment. Second, it is true that 
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plot-level replication is uneven among species 
richness levels (there are a total of three four- 
species plots and eight one-species plots per 
functional group at each unique CO, and N lev- 
el), and Wolf and Ziska expressed concern that 
the unbalanced design produced sums of squares 
that are not straightforward to interpret. We did 
not explain explicitly in the original paper that 
the analyses we made are insensitive to this. 
The analyses were made in a statistical program 
(JMP 13.1) using a mixed model (with both fixed 
and random effects) that deploys a maximum 
likelihood approach; it does not calculate sums 
of squares, but partitions the variance and then 
uses that to calculate F statistics. It is robust to 
unbalanced sample sizes; hence, this concern 
is unwarranted. The third statistical concern in- 
volved our lack of multiple-test corrections to the 
P values. This concern is not applicable, as we 
only focused on the main effects and interactions 
from the analysis shown in table 1 of (2) and did 
not compare specific levels of factors. Regardless, 
visual examination and further analyses of the 
data shown in figure S2 of (J) support our con- 
clusion. We tested whether the effect size (for 
both biomass and net N mineralization) was sig- 
nificantly related to year (a continuous variable), 
functional group, or their interaction. We found 
no significant main effects of year or functional 
group, but we did find significant year x func- 
tional group interactions (P < 0.0001 and P = 
0.0035 for biomass and net N mineralization, 
respectively), supporting the interpretation that 
the response to elevated CO, changed over time 
and did so in opposing fashion for the C3 and C4, 
grass groups. 

In summary, the questions raised about statis- 
tics (2) are not of concern, and we disagree with 
Wolf and Ziska about the appropriate context 
within which to view the experiment, but we 
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agree that finding the appropriate context for 
field experiments is always challenging and should 
be done carefully. Perhaps most intriguing, Wolf 
and Ziska highlight important aspects of the way 
in which these North American grassland ecosys- 
tems change over time. Such changes might 
plausibly contribute to the reversal of responses 
to elevated CO, of these two functional groups 
over time such as we observed; but if they did, 
this would be entirely consistent with our inter- 
pretation that over time, plant-soil feedbacks can 
outweigh photosynthetic pathway differences in 
driving ecosystem responses to CO». Ecosystems 
change over time in complex ways that we are 
only beginning to understand. Even if we could 
fully explain why our experimental communities 
responded as they did over 20 years, which we 
cannot yet do, it would remain a post hoc expla- 
nation of an unpredicted and unexpected result. 
We hope for more unexpected results among 
the thousands of observational, experimental, and 
modeling studies researchers are engaged in glob- 
ally, as such results often do a better job of illumi- 
nating gaps in our thinking and data than results 
that conform to expected outputs, and which thus 
may hide errors in our thinking, data, and model- 
ing regarding underlying mechanisms (6). 
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Kerr solitons for 
optical combs 
Kippenberg et al., p. 567 
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SIGNAL TRANSDUCTION 


Visualizing a traveling 
wave of cell death 


hen diffusion is too slow for com- 
munication over long distances, 
cells can use waves of chemical 
activity. By using fluorescent 
probes and microscopy, Cheng and 
Ferrell show that in frog eggs (which are 
very large cells), waves of apoptotic signals 
can be seen passing through the egg cyto- 
plasm. The pathways that trigger cell death 


ANTHROPOLOGY 


Peopling the Americas: 
Which way? 


For much of the 20th century, 
archaeologists firmly believed 
that the initial pathway into the 
Americas was via the “ice-free 
corridor,” a route from interior 
Alaska that snaked into the high 
plains of North America between 
two massive sheets of ice. Over 
the past 20 years, this consen- 
sus has been challenged and, 
for many, overturned, by data 
that support the “kelp highway” 
hypothesis—i.e., migration along 
the coastline of western North 
America. In a comprehensive 
review of genetic, archaeological, 
and paleoecological data, Potter 
et al. argue that both routes 
should be considered as viable 
pathways into the Americas. 
—MSA 


Sci. Adv. 10.1126/sciadv.aat5473 (2018). 
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NEUROSCIENCE 
Feedback reduces opioid 


prescriptions 

Most people addicted to opioids 
began taking them because 
they were legally prescribed. 
Little attention has been paid to 
changing physicians’ prescribing 
behavior. Using a randomized 
controlled trial format, Doctor 

et al. monitored the effect of 
notifying physicians who had a 
patient die of opioid overdose 
within 12 months of a prescrip- 
tion. The physicians received an 
injunction to prescribe safely from 
their county's medical examiner. 
This intervention led to reduc- 
tions in high-intensity prescribing, 
reductions in the likelihood that 
an opioid-naive patient received 
a prescription, and a reduction in 
overall cumulative opioid intake. 
—PRS 


Science, this issue p. 588 
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RIVER NETWORKS 
Expanding the role 
of rivers 


The surfaces of rivers and 
streams are interfaces for a 
host of chemical exchanges 
with the atmosphere and 
biosphere. For instance, carbon 
dioxide outgassing from rivers 
is estimated to be equivalent to 
one-fifth of combined emissions 
from fossil fuel combustion 
and cement production. Allen 
and Pavelsky used satellite 
imagery to estimate the surface 
area of rivers and streams (see 
the Perspective by Palmer 
and Ruhi). The stunning map 
that they generated results in 
an upward revision, by about 
one-third, to the total surface 
area of rivers and streams on 
Earth. —BG 

Science, this issue p. 585; 

see also p. 546 
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have positive feedback loops that lead to 
self-regenerating waves. The speed of the 
waves (~30 micrometers per minute) is too 
fast to be explained by diffusion. —LBR 


Science, this issue p. 607 


Frog eggs are used to observe cell signals. 


2D MATERIALS 
Computers tease out 


interaction effects 


Although graphene is often 
thought of as a material 
in which electron-electron 
interactions are negligible, 
some of its properties can- 
not be explained by such 
a simple picture. Tang et 
al. undertook comprehen- 
sive quantum Monte Carlo 
numerical calculations that 
consider both long-range 
and contact interactions in 
systems that, like graphene, 
have two-dimensional (2D) 
Dirac electrons. Different 
2D Dirac materials systems, 
such as topological insula- 
tors and graphene on various 
substrates, reside in different 
parts of the resulting phase 
diagram. —JS 

Science, this issue p. 570 
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KIDNEY CANCER 
Pediatric and adult 
kidney tumors differ 


Understanding tumor origins and 
the similarities and differences 
between organ-specific cancers 
is important for determining 
treatment options. Young et al. 
generated more than 72,000 
single-cell transcriptomes from 
healthy and cancerous human 
kidneys. From these data, they 
determined that Wilms tumor, 

a pediatric kidney cancer, origi- 
nates from aberrant fetal cells, 
whereas adult kidney cancers 
are likely derived from a specific 
subtype of proximal convoluted 
tubular cell. -—LMZ 


Science, this issue p. 594 


EVOLUTION 
Adaptive conflicts with 
the modern world 


Mammals evolved in terrestrial 
environments. Those that now 
live in the marine environment 
have had to adapt to the partic- 
ular selective pressures that this 
environment imposes. Meyer 

et al. surveyed the genomes of 
several marine mammal species 
to identify regions of conver- 
gent change. Multiple losses 

of the Paraoxonase 1 gene are 
evident in marine mammals, 
likely resulting from remodeling 
of lipid metabolism or anti- 
oxidant networks. The multiple 
occurrences of this loss of 
function across taxa indicate an 
evolutionary benefit. However, 
Paraoxonase 1 is the primary 
mammalian defense against 


Marine mammals are genetically 
vulnerable to some pollutants. 
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organophosphorus toxicity. 
Marine mammals may be at 

a great disadvantage in the 
Anthropocene if run-off of this 
agricultural product into the 
marine environment continues. 
—SNV 


Science, this issue p. 591 


AUTOIMMUNITY 
Pancreatic perturbation 


Autoimmune pancreatitis (AIP) 
is difficult to diagnose and 

can sometimes be confused 
with pancreatic cancer, which 
presents with similar symp- 
toms. AIP is an inflammatory 
disease involving elevated 
immunoglobulin G4 (lgG4); 
however, the target autoanti- 
gens are unknown. Previous 
work pointed to the extracel- 
lular matrix providing the 
target for |IgG4. Shiokawa et 

al. now show that a truncated 
form of laminin 511 may be a 
major autoantigen in AIP. Half 
of the AIP patients that they 
investigated had antibodies 
against laminin 511, which were 
absent in healthy controls. 
Patient pancreatic tissues 
were positive for laminin 511, 
and immunization of mice with 
this protein induced AIP-like 
symptoms. —LP 

Sci. Transl. Med. 10, eaaqO0997 (2018). 


CELL BIOLOGY 


Going through a phase 
Neuronal communication at 
synapses relies on regulated 
neurotransmitter secretion. 
Neurotransmitters are stored 
in small vesicles that are orga- 
nized in clusters within nerve 
terminals. On stimulation, the 
vesicles fuse with the presyn- 
aptic plasma membrane, but 
despite their tight packing, 
replacement synaptic vesicles 
are rapidly recruited. Vesicles 
newly reformed by membrane 
recycling randomly intermix 
with the clusters. Milovanovic 
et al. show that synapsin, an 
abundant synaptic vesicle— 
associated protein, organizes 
these vesicle clusters by liquid- 
liquid phase separation—like 
oil in water. —-SMH 

Science, this issue p. 604 


IN OTHER JOURNALS 


A melt river on Petermann 
Glacier in northwestern Greenland 


ICE SHEETS 
A responsive past 


Edited by Caroline Ash 
and Jesse Smith 


ne of the ways that we might develop more accurate 

projections of the Greenland Ice Sheet’s response to 

global warming is to investigate analogous periods in the 

past and use them to establish constraints for its future 

behavior. Reusche et al. investigated the history of two 
large outlet glaciers in the northwestern sector of the ice sheet 
across the Holocene by measuring surface-exposure ages of 
associated moraines. Their data shed light on the competing 
effects of generally warming surface air temperatures and 
discrete climate cooling events. These results help show how 
quickly the ice sheet can respond to both positive and negative 
centennial atmospheric temperature fluctuations. —HJS 
Geophys. Res. Lett. 10.1029/2018GL078266 (2018). 


MICROBIOTA 
Establishing bad host 
relations 


The human microbiota is a 
mixture of microorganisms that 
are maintained in symbiosis with 
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the host. However, sometimes 
this symbiosis goes awry, caus- 
ing pathogen outgrowth and 
disease. For example, periodically, 
Staphylococcus aureus emerges 
from the skin-resident micro- 
biome as a disease-causing 
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A malaria-free childhood improves 
educational outcomes in Tanzania. 


pathogen. Boldock et al. show 
that such irruptions can be 
mediated by particulate pepti- 
doglycan (PTG) expressed from 
the cell walls of nonpathogenic 
(commensal) skin bacteria. PTG 
promotes S. aureus survival in 
innate immune cells such as 
macrophages and neutrophils, 
and this facilitates systemic infec- 
tion. This phenomenon is not 
mediated by established receptor 
pathways such as Nodl, Nod2, 
Myd88, or the NLPR3 inflamma- 
some. —GKA 

Nat. Microbiol. 3,881 (2018). 


High fat promotes 
overeating 

Disagreement abounds over 
what constitutes a healthy diet 
and which components might 
provoke overeating and obesity 
in human populations. Hu et al. 
took a systematic approach to 
the latter question by feeding 
mice diets that differed in their 
proportion of fat (from 8 to 
80%), protein (from 5 to 30%), 
carbohydrate (from 10 to 80%), 
or sucrose (from 5 to 30%). The 
only mice that ate more than they 
needed and became overweight 
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were those eating a diet high in 
fat content. Furthermore, high- 
fat diets stimulated hedonic or 
reward pathways in the brain, as 
measured by gene expression. 
Because an equivalent compari- 
son in humans would require a 
decade of study, we are unlikely 
to know how closely the results 
would be replicated in people. 
—LBR 
Cell Metab. 10.1016/ 
j.cmet.2018.06.010 (2018). 


Decoding parasitic 
plant genomes 

Parasitism has evolved multiple 
times in plants and resulted in 
some major agricultural pests, 
including relatives of the morn- 
ing glory family called dodder 
or strangleweed. To examine 
the effects of parasitism on the 
genome, Vogel et al. and Sun 

et al. respectively sequenced 
the genomes of field dodder 
(Cuscuta campestris) and 
Australian dodder (Cuscuta 
australis). Both studies identi- 
fied major gene losses, likely 
facilitating the transformation 
into leafless, rootless plants 
unable to photosynthesize. Vogel 
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et al. documented more than 50 
examples of gene transfer into 
field dodder from their hosts. Sun 
et al. examined transcriptomes of 
the haustoria, which are special- 
ized organs that allow dodder to 
extract water and nutrients from 
host plants. —LMZ 
Nat. Commun. 10.1038/s41467- 
018-04344-z, 10.1038/ 
s41467-018-04721-8 (2018). 


Gravity tracking 

of a great earthquake 
Changes in local gravity are con- 
nected to changes in subsurface 
mass. Panet et al. used GRACE 
(Gravity Recovery and Climate 
Experiment) satellite data to 
track large-scale deformation 
before and after the magni- 
tude-9 Tohoku-Oki earthquake 
in Japan. Their analysis of the 
gravity data indicates that defor- 
mation occurred deep in the 
subducting slab starting several 
months before the earthquake. 
After the earthquake, mass 
transferred to the Pacific and 
Philippine Sea plate interiors. 
The large-scale and long-time- 
period gravity observations 
provide a distinctive perspective 


Published by AAAS 


Malaria challenges 
learning 


wing to interventions, 

the prevalence of malaria 
has declined in Tanzania. 
Klejnstrup et al. analyzed 
15 years’ worth of data on 


malaria rates, along with school 
achievement data for more than 
200,000 children. They found 
that children born in periods with 
higher prevalences of malaria 
struggled more with numeracy 
and English literacy than coun- 
terparts at less risk of malaria. 
The effect of a malaria-free child- 
hood on educational outcomes 
rivaled the effects of smaller 
class sizes and better-trained 
teachers. —PJH 


PLOS ONE 10.1371/journal. 
pone.0199542 (2018). 


on this devastating and well- 
studied earthquake. —BG 
Nat. Geosci. 10.1038/s41561-018- 
0099-3 (2018). 


Lighting the path to Al 
Artificial intelligence (Al) 
explores different architectures 
that strive to exploit the power- 
ful information-processing 
capability of the brain. Artificial 
neural networks use connected 
artificial components (mimick- 
ing the function of neurons and 
synapses) to process informa- 
tion and perform complex tasks 
such as written and spoken 
language and image recognition 
from vast datasets. All the net- 
works require training, however, 
which usually has been done 
by computer, and the process 
can be very time-consuming. 
Hughes et al. developed an opti- 
cal method in which the training 
process is done with laser light 
propagating through a complex 
network of paths patterned 
into an optical chip. The results 
bring the prospect of an optical 
chip—based AI platform operat- 
ing at the speed of light a step 
closer. —ISO 

Optica 5, 864 (2018). 


sciencemag.org SCIENCE 
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OPTICS 
Shrinking optical 
metrology 


The ability to generate laser 
frequency combs—light sources 
comprising equidistant laser 
lines spanning a large range of 
wavelengths—has revolution- 
ized metrology and precision 
spectroscopy. The past decade 
has seen frequency combs being 
generated in optical micro- 
resonator circuits, offering the 
prospect of shifting precision 
metrology applications from the 
realm of national laboratories 

to that of everyday devices. 
Kippenberg et al. review the 
development of microresonator- 
generated frequency combs and 
map out how understanding and 
control of their generation is pro- 
viding a new basis for precision 
technology. —ISO 


Science, this issue p. 567 


STRUCTURAL BIOLOGY 
The first step in Hedgehog 
signaling 

The Hedgehog (Hh) signal- 

ing pathway is important in 
embryogenesis; overactiva- 

tion is associated with cancer. 
Central to the pathway is the 
membrane receptor Patched 1 
(Ptch1), which indirectly inhibits 
a G protein-coupled receptor 
called Smoothened. This inhibi- 
tion is relieved when Ptchl binds 
the secreted protein Hh. Gong 
et al. report the cryo—electron 
microscopy structures of human 
Ptchl alone and in complex with 
its Hh ligand at 3.9 and 3.6A, 
respectively. Both structures 
include two steroid-shaped den- 
sities, and mutational analysis 
indicates that the interaction 
between Ptchl and Hh is steroid- 
dependent. —VV 


Science, this issue p. 568 


ORGANIC CHEMISTRY 
Arapid screen for 
complex reactants 


Chemists engaged in reac- 

tion discovery tend to report 
outcomes involving a few, 
relatively simple reactants. It 
remains a major challenge to 
fine-tune reported conditions 
when the reactants become 
more structurally complex, as 
often happens in pharmaceuti- 
cal research. Lin et al. developed 
a protocol for rapidly screening 
different catalytic conditions 
for C—-N coupling across a wide 
range of complex substrates. 
The product detection scheme 
relies on mass spectrometry 
of nanomole-scale reaction 
mixtures without any need for 
intervening chromatography. 
—JSY 


Science, this issue p. 569 


THERMAL CONDUCTIVITY 
Moving the heat aside 
with BAs 


Thermal management becomes 
increasingly important as we 
decrease device size and increase 
computing power. Engineering 
materials with high thermal 
conductivity, such as boron 
arsenide (BAs), is hard because 
itis essential to avoid defects 
and impurities during synthesis, 
which would stop heat flow. Three 
different research groups have 
synthesized BAs with a thermal 
conductivity around 1000 watts 
per meter-kelvin: Kang et al., Li 
et al., and Tian et al. succeeded 
in synthesizing high-purity BAs 
with conductivities half that of 
diamond but more than double 
that of conventional metals (see 
the Perspective by Dames). The 
advance validates the search 
for high-thermal-conductivity 
materials and provides a new 
material that may be more easily 
integrated into semiconducting 
devices. —BG 

Science, this issue p. 575, p. 579, 

p. 582; see also p. 549 


566-B 10 AUGUST 2018 + VOL 361 ISSUE 6402 


METABOLISM 
Zipping up obesity 


Chylomicrons are specialized 
particles that carry dietary 
fats from the intestine to the 
bloodstream for absorption into 
the body. Lacteals are lymphatic 
vessels that act as the highway 
for chylomicron transport, but it 
is unclear how passage occurs. 
Zhang et al. report that two endo- 
thelial cell receptors, neuropilin-1 
(NRP1) and vascular endothe- 
lial growth factor receptor 1 
(VEGFRI, also known as FLT1), 
are required to convert the entry 
spaces between lacteals from 
open junctions to closed, zipped 
structures (see the Perspective 
by McDonald). Mice that were fed 
a high-fat diet were subsequently 
rendered resistant to weight gain 
if NRP1 and FLT] were inacti- 
vated. —PNK 

Science, this issue p. 599; 

see also p.551 


ASTHMA 
Nefarious neutrophil 
cytoplasts 


In addition to DNA release, neu- 
trophil extracellular trap (NET) 
formation can result in enucle- 
ated cells called cytoplasts. 
Krishnamoorthy et al. examined 
how neutrophil cytoplasts con- 
tribute to asthmatic inflammation 
in mouse models of allergic lung 
inflammation and in asthmatic 
patients. In mice, airway exposure 
to bacterial lipopolysaccharide 
with house dust mite allergen 
induced NET formation in the 
lung, which was associated with 
interleukin-17 (IL-17) produc- 
tion on subsequent exposure 
to allergen. Cytoplasts, rather 
than neutrophil DNA released in 
NETosis, triggered neutrophilia on 
allergen exposure, and cytoplasts 
alone were sufficient to induce 
IL-17 production by antigen- 
specific T cells. Cytoplasts also 
correlated with IL-17 levels in 
bronchoalveolar lavage fluid from 
severe asthmatics. —CNF 

Sci. Immunol. 3,eaao4747 (2018). 


Published by AAAS 
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REVIEW SUMMARY 


OPTICS 


Dissipative Kerr solitons in 
optical microresonators 


Tobias J. Kippenberg*, Alexander L. Gaeta, Michal Lipson, Michael L. Gorodetsky* 


BACKGROUND: Laser frequency combs, which 
consist of equidistant laser lines, have revolu- 
tionized time-keeping, metrology, and spectros- 
copy. Conventional optical frequency combs 
based on mode-locked lasers are still mostly 
confined to scientific laboratories. In recent 
years, there has been progress in the devel- 
opment of optical frequency combs based on 
compact, chip-scale microresonators (“micro- 
combs”), with such microcombs operating in the 
dissipative soliton regime. Dissipative solitons 
rely on a double balance of nonlinearity and dis- 
persion as well as dissipation and gain and are 
an example of self-organization in driven dissi- 
pative nonlinear systems. Dissipative temporal 
solitons are providing the long-sought-for re- 
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gime of coherent, broadband microcomb spectra 
and in addition provide an experimental setting 
in which to study dissipative soliton physics. 
Microcombs are now capable of producing co- 
herent, octave-spanning frequency combs, with 
microwave to terahertz repetition rates, at low 
pump power, and in chip-scale devices and have 
been used in a wide variety of applications, 
owing to bandwidth and coherence provided 
by the dissipative temporal soliton states. 


ADVANCES: Underlying these recent advances 
has been the observation of temporal dissipative 
Kerr solitons (DKSs) in microresonators, 
which represent self-enforcing stationary lo- 
calized solutions of a damped, driven, and de- 


B 


1600 


1400 
1200 Wavelength 


DKSs in optical microresonators. (A) Principle of DKSs, representing a double balance of 
dispersion and nonlinearity as well as (parametric) gain and cavity loss. (B) Optical field 
envelope of a single DKS, containing the localized soliton on top of a continuous-wave (CW) 
background field. (©) Graphic image of dissipative soliton formation in a CW laser—driven 
photonic chip—based microresonator, generating a continuously circulating DKS, which in 
frequency space corresponds to a coherent optical frequency comb. The optical frequency 
comb is shown with two dispersive waves that arise from higher-order dispersion. 
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tuned nonlinear Schrédinger equation, which 
was originally used to describe spatial self- 
organization phenomena. They correspond to 
solitons (localized patterns) in “open” systems— 
that is, systems that exhibit dissipation. DKSs, 
opposite to fiber solitons, therefore rely on a 
double balance of nonlinearity and dispersion 
as well as parametric gain and loss and depend 
on the laser-cavity detuning as a control pa- 
rameter. Methods have been established that 
enable the reliable generation of such DKSs in a 
wide range of microresonator platforms, including 
platforms based on silicon nitride (SizN,) that 
are compatible with pho- 
tonic integration. In addi- 
Read the full article tion, a variety of previously 
at http://dx.doi. unknown and nonantici- 
org/10.1126/ pated soliton effects have 
science.aan8083 been observed, such as sol- 
iton crystallization, Raman- 
Stokes solitons, and previously unseen soliton 
breather dynamics. Moreover, dissipative solitons 
have been shown to be suprisingly robust against 
imperfections in the resonator mode structure. 
Dissipative soliton states in microresonators have 
triggered a large number of applications, includ- 
ing in terabit-coherent optical communications, 
atomic clocks, ultrafast distance measurements, 
dual-comb spectroscopy, photonic integrated fre- 
quency synthesizers, and the calibration of astro- 
physical spectrometers for exoplanet searches. 


OUTLOOK: The reliable generation of DKSs 
in microresonators has established a nascent 
research field at the interface of soliton physics, 
frequency metrology, and integrated photonics 
and provided impetus to microcomb sources. 
Emerging frontiers include using advances in 
nanofabrication and materials synthesis to 
realize ultralow-propagation-loss photonic nano- 
structures with unusual dispersion properties, 
which could explore dissipative solitons in new 
and unexplored parameter regimes and allow 
the synthesis of even broader spectra that in 
time domain could correspond to single-cycle 
pulses and whose spectral bandwidth could be 
extended to the mid-infrared or visible range. 
Beyond the narrow class of materials used for 
DKSs so far (Si, MgF», SiOz, and Si3N,), many 
other materials exist with distinct advantages, 
such as IIJ-V semiconductors, which are already 
widely used in light-emitting or laser diodes. 
Beyond existing applications, DKSs could be 
applied to optical coherence tomography, Raman 
spectral imaging, chip-scale atomic clocks based 
on optical transitions, or ultrafast photonic analog- 
to-digital conversion and have a potential to 
make frequency metrology and spectroscopy 
ubiquitous. 


This list of author affiliations is available in the full article online. 
*Corresponding author. Email: tobias.kippenberg@epfl.ch (T_J.K.); 
mg@rqc.ru (M.L.G.) 
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RESEARCH 
ble to wafer-scale integration and have compar- 
R E V I E W atively narrow line spacing in the hundreds of 
megahertz range. DKSs in microresonators have 
provided a route to compact low power in chip- 
OPTICS 


Dissipative Kerr solitons in 
optical microresonators 


Tobias J. Kippenberg'“, Alexander L. Gaeta”, Michal Lipson®, Michael L. Gorodetsky*’>* 


The development of compact, chip-scale optical frequency comb sources (microcombs) 
based on parametric frequency conversion in microresonators has seen applications 
in terabit optical coherent communications, atomic clocks, ultrafast distance 
measurements, dual-comb spectroscopy, and the calibration of astophysical 
spectrometers and have enabled the creation of photonic-chip integrated frequency 
synthesizers. Underlying these recent advances has been the observation of 

temporal dissipative Kerr solitons in microresonators, which represent self-enforcing, 
stationary, and localized solutions of a damped, driven, and detuned nonlinear 
Schr6édinger equation, which was first introduced to describe spatial self-organization 
phenomena. The generation of dissipative Kerr solitons provide a mechanism by which 
coherent optical combs with bandwidth exceeding one octave can be synthesized and 
have given rise to a host of phenomena, such as the Stokes soliton, soliton crystals, 
soliton switching, or dispersive waves. Soliton microcombs are compact, are compatible 


with wafer-scale processing, operate at low power, can operate with gigahertz to 
terahertz line spacing, and can enable the implementation of frequency combs 
in remote and mobile environments outside the laboratory environment, on Earth, 


airborne, or in outer space. 


olitons are robust waveforms that preserve 

their shape upon propagation in dispersive 

media and can be found in a variety of non- 

linear systems, ranging from hot plasma (J), 

ferrite films, fiber optics (2), cold atoms (3), 
hydrodynamics, and biology to cloud and sand 
dune formation. Although the initial promises 
of optical solitons for increased bandwidth of 
telecommunication were not implemented, 
dissipative solitons circulating in cavities of mode- 
locked lasers (4) are actively used. Similar to the 
physics of open quantum systems, the “open” 
soliton systems—dissipative solitons (5)—are highly 
relevant to actual experimental systems, in which 
dissipation cannot be neglected. This is in con- 
trast to the mathematical treatment of solitons 
that have focused on conservative, integrable sys- 
tems. Dissipative solitons (5) balance loss and 
gain in an active media, along with the balance 
of nonlinearity and dispersion (Fig. 1). Although 
dissipative optical solitons are known to occur 
in mode-locked lasers (4), dissipative optical soli- 
tons can also occur in systems that have para- 
metric gain—gain from four-wave mixing that 
is the underlying process that enables Kerr fre- 
quency comb (6, 7) formation in microresonators. 
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Such dissipative solitons sustained by parametric 
gain were first studied in fiber cavities (8). In 
2014, it was observed that such dissipative Kerr 
solitons (DKSs) can spontaneously form in pa- 
rametrically driven Kerr frequency combs in 
optical microresonators (9). In these systems, 
optical sidebands are generated by means of four- 
wave mixing processes (J0, /7) and undergo a self- 
organization process that leads to the emergence 
of a soliton pulse train, which can mathematically 
and rigorously be mapped (72) to the Lugiato- 
Lefever equation (LLE) (13-15), an equation ex- 
tensively studied in applied mathematics for 
decades. 

The equation was originally developed to de- 
scribe spatially localized pattern formation in 
driven nonlinear systems, in which it can lead 
to the formation of “dissipative structure.” Since 
their observation in microresonators, such DKSs 
have been generated in a wide variety of micro- 
resonators, ranging from bulk crystalline (9, 16) 
and silica microdisks (17) to photonic chip-scale 
devices (17-20), under both continuous-wave (CW) 
and pulsed excitation (2/7). In the frequency do- 
main, the pulse train constitutes an optical fre- 
quency comb (22-24). Such optical frequency 
combs, pioneered by using mode-locked lasers 
based on pulse trains, are key ingredients of 
optical atomic clocks and have proven invaluable 
for a wide range of scientific and technological 
applications [for example, reviewed in (25)]. Al- 
though optical comb technology has matured 
since its first introduction two decades ago based 
on mode-locked lasers, and is commercially 
available, such devices are typically not amena- 
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frequency comb generation. Although Kerr combs 
have been known for more than one decade (7) 
[and have been reviewed in (6, 26-28)], the dis- 
covery of the DKS regime (9) has unlocked their 
full potential by providing a route to broadband 
and fully coherent microresonator-based fre- 
quency combs, overcoming earlier challenges 
of low coherence (29-31). Such soliton-based 
microcombs in chip-integrated microresonators 
have achieved low-power, octave-spanning fre- 
quency combs in various spectral windows that 
now encompass the near-infrared (32, 33), tele- 
communication (34, 35), and mid-infrared spectral 
window (18, 36), with repetition rates from only a 
few gigahertz (37) to terahertz. The observation of 
DKS in microresonators yields a merging of 
soliton physics and high-precision frequency comb 
applications, stimulating a renaissance in dissipa- 
tive soliton research and enabling many techno- 
logical applications. Soliton microcombs have 
already been applied succesfully to dual-comb 
spectroscopy in the near- (38-40) and mid-infrared 
(36), scanning comb spectroscopy (41), as well as 
the demonstration of a self-referenced comb for 
the counting of optical frequencies [both with 
(42) and without external broadening (43)]. 
Likewise, soliton microcombs have been used in 
massively parallel communication (44), in pairs 
at both the transmitter and receiver side, for 
low-noise microwave generation (45) as well as 
for chip-scale dual-comb-based light detection 
and ranging (LIDAR) (46, 47). Moreover, soliton 
microcombs have been used to realize an all 
integrated photonics-based chip-frequency syn- 
thesizer (48) and been used as a microphotonic 
astrocomb for exoplanet searches (49, 50). Soli- 
ton microcombs exhibit surprisingly rich non- 
linear dynamics and have led to the observation 
of a variety soliton dynamics effects, such as 
bright soliton formation, dark pulses, flat-topped 
“platicons” formation (57), soliton Cherenkov ra- 
diation (20), Raman self-frequency shift (52-54), 
Stokes soliton (55), and breather solitons (56-60). 
Moreover, the inherently multimode nature of mi- 
croresonators gives rise to new and unanticipated 
dynamics, such as avoided-crossing-induced disper- 
sive wave formation (67, 62) or soliton-intermode 
breathing dynamics. Likewise, soliton crystalliza- 
tion (63) and switching (64) have been observed 
to occur. Today, a growing understanding of the 
nonlinear dynamics in soliton microcombs has 
been established, and new dynamics have been 
observed whose exploration continues to develop. 


Dissipative Kerr solitons 


The topic of this Review is a soliton that has long 
been theoretically discussed (13-15) but only re- 
cently experimentally observed: temporal DKSs, 
in which losses in a passive nonlinear optical 
cavity are compensated by a parametric inter- 
action via a CW external laser pump in a resonator 
containing a Kerr nonlinearity (10). Such DKS 
states, first studied in fiber cavities (8), have 
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recently been discovered (9) as states in Kerr 
frequency combs (7). Although DKS formation 
has similarities to soliton mode-locking in femto- 
second lasers, it does not require additional 
saturable absorbers to stabilize them, and they 
differ fundamentally because the pump laser 
frequency is a part of the soliton spectrum. The 
external coherent pump provides a central con- 
trol parameter of the soliton and in addition 
constitutes one of the comb lines—which has no 
counterpart in conventional mode-locked lasers. 
Early interest in optical cavities filled with a 
nonlinear medium and pumped by means of CW 
source was initially stimulated by optical bi- 
stability and its application to optical switching 
(65), demonstrated by using iterative discrete- 
time input-output relations (known today as 
Ikeda map) so that such resonators exhibit mul- 
tistability. However, it was found afterward (66) 
that this system can also support very localized 
optical pulses. If the intensity in the ring re- 
sonator changes only slightly per round trip, 
then the system can be described by a mean- 
field equation with periodic boundary conditions 
(67). If the medium has Kerr nonlinearity and 
quadratic dispersion, the mean field equation 
has the form of a nonlinear Schrédinger Equa- 
tion (NLS) (68) with dissipative and driving terms. 
DKSs were first studied and observed with ex- 
ternally injected pulses (8). Although these ex- 
periments conjectured (8) that soliton formation 
may play a role, only later experiments revealed 
first evidence of such a regime, in terms of a 
transition from chaotic to low-phase-noise Kerr 
comb states (30), as well as evidence of pulse 
formation (which is consistent with a parameter 
regime allowing for soliton formation) (69). The 
first experiments that unambiguously identified 
DKSs in microresonators found DKS states by 
recording the transmission during Kerr comb 
formation. Strikingly, a series of steps on the red- 
detuned side of the resonance was observed. 
These steps, as is now well understood, are a 
sign of soliton formation and correspond to the 
continued reduction of the number of solitons 
in the cavity from N, N - 1, ... . Stably accessing 
soliton states requires overcoming the thermal 
instabilities associated with the drop in intra- 
cavity power and led to the development of a 
wide range of techniques, so that now stably 
accessing Kerr soliton states can occur in a wide 
range of microresonator platforms. 

The formation of DKSs in a crystalline micro- 
resonator are shown in Fig. 1 (9). A fundamental 
analytical property of DKSs is that they require a 
red-detuned pump laser from resonance, as also 
shown experimentally by using a Pound-Drever- 
Hall error signal. Although a red-detuned laser 
excitation in microresonators is conventionally 
unstable because of the thermal nonlinearity, 
the presence of a DKS can in turn self-stabilize 
the system for red detuning. This, however, nec- 
essitates overcoming transient thermal effects that 
are associated with the discrete steps in cavity 
transmission. Understanding and overcoming 
the thermal instability in the red-detuned soliton- 
formation regime, as first accomplished with 
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Fig. 1. Soliton microcombs technology. (A) Graphic image of dissipative soliton formation in a CW 
laser-driven crystalline WGM microresonator, enabling conversion of a CW laser to a train of DKS 
pulses. (B) Principle of DKSs, representing a double balance of dispersion and nonlinearity as well as 
(parametric) gain and cavity loss. (C) Field envelope of a temporal soliton. (D) Experimental optical 
spectrum of a DKS in a crystalline MgF2 resonator. (Inset) Detected microwave beatnote of the 
soliton pulse train. (E) Frequency-resolved optical gating spectrum showing localized optical pulses, 
separated by the soliton-microcomb line spacing. [Images are adapted from (9)] 


optimized frequency tuning schemes (9), has been 
a pivotal experimental technique to enable stable 
DKS formation in microresonators. Single DKSs 
can equally be accessed in fully planar architec- 
tures (70), notably in photonic-chip-based silicon 
nitride (Si,N,) resonators (77), despite the fact that 
this platform has a significantly lower quality (Q) 
factor and can exhibit dispersion imperfec- 
tions and strong thermal effects. Photonic- 
chip-based microresonators based on Si3N, are 
amenable to wafer-scale manufacturing and in- 
tegration and, because of their higher non- 
linearity (compared with that of crystals or silica), 
enable broadband DKS (72) with high repetition 
rates (>100 GHz). Although tuning into soliton 
states in integrated Si,;N, microresonators has 
also been achieved with a slow laser-tuning 
method (73), the strong thermal effects have 
lead to the development of different methods, 
such as “power kicking” (74), fast tuning by use 
of heaters (79), and most recently, use of single- 
sideband modulator schemes (75). Using these 
techniques, DKSs have been generated in a wide 
variety of microresonators, ranging from bulk 
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crystalline (9, 45) and silica microdisks (77) and 
microspheres (76) to photonic chip-scale devices 
in Si and SisN, (20, 77) and fiber cavities (21), 
under both CW and pulsed excitation (27). More- 
over, schemes have been devised for soliton feed- 
back stabilization, based on the soliton power 
(78), or by using the effective laser detuning of 
the soliton state (79). 


Dissipative soliton regime in Kerr 
frequency combs 


We briefly review the physics of the parametric 
process in microresonators, discussed in detail in 
(30, 80). Kerr frequency combs were initially dis- 
covered in silica microtoroids, and experiments 
proved that the parametrically generated (11, 81) 
sidebands were equidistant to at least one part 
in 10” as compared with the optical carrier. 
In these early experiments, the combs repeti- 
tion rate was in the terahertz range, and a 
femtosecond-laser frequency comb was used to 
bridge and verify the equidistant nature of the 
teeth spacing. It is today understood that such 
highly coherent combs only exist in certain regimes. 
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Physics of Kerr comb formation 

The resonance frequencies of a microresonator 
can be Taylor-expanded around the pumped mode 
@o so that 


Oy = O + D> Dye’ /j! (1) 
7 


where D,/2z is the mean free spectral range (FSR), 
Day is the group velocity dispersion (GVD) (positive 
for anomalous GVD), andj ¢ Z. If the FSR (because 
of D, in Eq. 1) increases with frequency, the reso- 
nator has anomalous GVD, as required for para- 
metric oscillations and soliton formation. It is 
often useful to introduce the integrated disper- 
sion, which describes the deviation of a given res- 
onance from an equidistant frequency grid, 


Din) = Ou — (@o - Dyn) 


For a microresonator with anomalous GVD, the 
third-order Kerr nonlinearity leads to a nonlinear 
coupling between different modes. The nonlinear 
coupling coefficient g = hwgcns/n?Vo is defined 
as a Kerr frequency shift per photon; 7 and ny are 
the refractive and nonlinear optical indices, re- 
spectively; Vo is the effective (nonlinear) volume 
of the pumped mode; and c is the speed of light. 


A Input 


Kerr cavity 


Output 
P P+ Solitons 
cw | | I 
t Frequency t 
pr CW ; ps comb 
es 
| ¢ ——_—_> 
eS SSS 
) @ 


B 1) Primary combs 


Parametric oscillation (77, 82)—the emergence of 
symmetrically spaced signal and idler sidebands 
around the pump—occurs when the parametric 
gain exceeds the cavity decay rate. The threshold 
condition is equivalently understood as a Kerr- 
induced shift that is comparable with the cavity 
decay rate and thus the onset of cavity bistabil- 
ity (g - 2. ~ «/2, where 7, is the number of pho- 
tons in the mode). Unlike conventional lasers in 
which the threshold (11, 82) scales as <Vo/Q, 
the threshold for parametric oscillation scales 
with cc V,/Q?, which highlights the dramatic 
reduction of parametric threshold possible for 
ultrahigh-Q microresonators. When scanning the 
laser into resonance from the blue-detuned side 
(Fig. 2C), the first pair of sidebands that oscillate 
are those that are closest to the maximum of the 
parametric gain curve. The sideband number 
is approximately 


7 K 
Hy * Dy 


If this distance corresponds to one single FSR, 
the subsequent cascade leads to fully coherent 
frequency combs. Such combs are referred to 
as “natively spaced comb,” “Turing rolls,” or 
(coherent) modulation instability (MI) combs. 


C 


Intracavity power 


4) Dissipative Kerr soliton formation 


sech? envelope 


D Optical power spectra 


This coherent operating regime was initially ob- 
served in optical silica microtoroids (7). The co- 
herence in these systems is achieved because 
the comb formation leads to a native comb, 
whose spacing corresponds to a single FSR. In 
this scenario, one can create fully coherent and 
relatively broadband-frequency combs, which has 
been the case for toroid resonators in the tele- 
communication band or crystalline resonators in 
the mid-infrared spectra range (82), and gener- 
ally integrated resonators with a large FSR (37), 
which lead to a large accumulated dispersion 
parameter D,. Not all platforms, however, yield 
intrinsically low phase noise. It was observed that 
the comb formation can give rise to low coher- 
ence states—in particular, in integrated platforms 
based on, for example, Siz;N,, Hydex glass, Si, 
AIN, or AlGaAs. Counterintuitively, however, even 
for ultrahigh-Q resonators, such as crystalline reso- 
nators or silica disks, low coherence was observed, 
which is associated with subcomb formation. 


Subcomb formation and chaotic 
comb states 


In the case of resonators that have low Q (such as 
Si,N, and other integrated resonators) or low 
dispersion (such as MgF, crystalline resonators 
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Fig. 2. Numerical simulations of DKSs in optical microresonators. 

(A) Temporal and spectral input and output from a CW laser—driven 
resonator supporting DKS. (B) The mode proliferation in the case of a 
resonator that exhibits subcomb formation, with eventual transition to 
DKS. (C) Intracavity field as a function of the laser detuning. Shown are the 
regions of modulation instability (marked “1"), breather soliton (yellow, 
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marked “2”) and stable soliton formation (green, marked “3” to “5"). 
Different trajectories corresponding to multiple simulations are shown in 
yellow (bold line). The different steps designate transitions between 
different soliton states. (D) intracavity waveform corresponding to the 
different chaotic MI, breather solitons, and stable DKS states. [Images are 
adapted from (9)] 
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in the telecommunication band), the first pair 
of sidebands (generated when scanning a pump 
laser into resonance from the blue-detuned side) 
are separated by many FSRs, which leads to the 


formation of subcombs (because 1; = , /p, >1). 


In this process, depicted in Fig. 2, first a primary 
comb is generated with a line spacing A. Upon 
increasing pump power, secondary sidebands 
around the primary sidebands are generated, 
leading to the formation of subcombs. The initial 
subcombs all share the same repetition rate 6. 
Importantly, the primary and secondary spacing 
do not need to be commensurate. Therefore, once 
the pumping power is further increased, the sub- 
combs merge and lead to the counterintuitive 
situation in which more than one single comb 
tooth can occupy a cavity resonance (30). This 
scenario leads the comb to exhibit beatnotes that 
can exhibit multiplets, which for sufficiently strong 
pump power merge into broad beatnotes. This 
comb state therefore exhibits low coherence, mak- 
ing it unsuitable for metrology. Although the 
comb spectral envelope of these combs is recorded 
with an optical spectrum analyzer to be spectrally 
smooth, the underlying intracavity waveform in 
the chaotic MI regime is vastly varying. Many 
early reported comb spectra (including photonic 
integrated resonator platforms or crystalline reso- 
nators in the telecommunication band) are chaotic 
in origin and exhibit low coherence. It was first 
demonstrated in Si,;N, microresonators (30) that 
transitions to low noise also exist. Such a transi- 
tion to low noise state was shortly thereafter also 
observed in silica resonators (83), and evidence 
was found that the coherent regime is con- 
comitant with pulse trains (69). These results 
indicated that the major challenge and road- 
block of high noise could be overcome, unlocking 
the full potential of chip-scale frequency combs. 
Today, it is understood that these transitions are 


likely associated with DKSs (9, 13, 15), which give 
rise to coherent comb states. Indeed, although 
the LLE provides an accurate description of sol- 
iton states, many phenomena require corrections 
beyond the established models and are to be 
explored in Kerr microresonators. 


Transition to the DKS regime 


An unusual and unexpected observation was ex- 
perimentally made in crystalline resonators (9) 
when analyzing the scan across the cavity res- 
onance during the comb formation process: an 
unusual set of discrete step-like behavior in the 
transmitted power occurred, which exhibited a 
remarkably regular and repeatable step height. 
Transient measurements of the comb’s beatnote 
in this regime showed low phase noise, indicating 
acoherent comb-formation regime. This observation 
confirmed an earlier theoretical prediction (84) 
that used numerical simulation of the laser-pump 
scan based on the coupled-mode equations (CMEs) 
(85). These simulations (9) equally revealed that 
during the laser scan across the resonance, un- 
expectedly sharp and discrete step-like transi- 
tions to low-noise states appear (Fig. 2). The 
numerical simulation predicted that the regions 
with discrete steps are associated with solitons 
inside the cavity, and the discrete steps in the 
transmission trace are associated with the an- 
nihilation of individual solitons, one by one. The 
numerical simulation uses the bare cavity detun- 
ing as a parameter, which does not correspond 
to the actual (effective) detuning from the res- 
onance because of the Kerr frequency shift 
caused by the pump. Actual soliton formation can 
only occur when the laser transitions to the red- 
detuned side of the cavity resonance, where the 
intracavity field is bistable (Fig. 3A). The sim- 
ulation reveals the primary sidebands, subcomb 
formation, and chaotic MI, followed by the for- 
mation of stable DKS inside the cavity. The 


numerical simulation was repeated multiple 
times, and the yellow curves in Fig. 3A show 
the evolution of all possible trajectories, whereas 
blue denotes the numerical simulation of a single 
laser scan trajectory. Although numerical sim- 
ulations of dissipative solitons using a mean field 
model equation (the LLE) have been carried out 
extensively, simulations of the actual laser scan- 
ning process relevant to the microresonator case 
are a new development and pivotal in the under- 
standing of DKS. The simulations also predicted 
the existence of a single soliton state with a sech? 
spectral envelope (Fig. 2D). These predictions are 
in agreement with experiments. Although MI 
occurs for the effectively blue-detuned region, 
the regime of soliton formation occurs in the bi- 
stable regime where two solutions exist—where 
the laser is effectively red-detuned (Fig. 3A). Ex- 
perimentally, this can be verified by using a Pound- 
Drever-Hall error signal, which can differentiate 
between effective red- and blue-detuning (Fig. 3A). 


Stably accessing DKS in the presence of 
thermal nonlinearity 


Accessing the DKS is in practice compounded 
by thermal effects. A fundamental consequence 
of the existence of bright solitons is the opera- 
tion in the bistable regime, which causes the 
optical pump to be effectively red-detuned from 
the (Kerr and thermally shifted) cavity resonance. 
Although blue-detuned excitation is thermally 
stable—the resonator and laser form an auton- 
omous feedback loop that stabilizes the laser 
cavity detuning—the opposite is true for a red- 
detuned operation (required for soliton forma- 
tion) (86). Moreover, the series of discrete steps 
in resonator transmission laser scan due to soliton 
formation compound the stable access of solitons 
because concomitant with a discrete step is a 
change in intracavity power and, as a conse- 
quence, temperature change. This in turn, via 
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Fig. 3. Transition to the dissipative soliton states and soliton 
crystals. (A) (Top)The cavity bistability in the intra-cavity power due 

to the Kerr nonlinearity. (Bottom) The integrated dispersion profile 
[Dint()] of a measured progression of resonances exhibiting anomalous 
dispersion (quadratic variation of the integrated dispersion). (Middle) 

A series of steps on the red-detuned side of the resonance, indicative 
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of dissipative soliton formation. (B) The evolution of the intracavity 
power as a function of laser detuning, revealing in particular a 
series of discrete steps associated with soliton formation. (C) More 
complex arrangements of a large number of solitons that are 
ordered in crystals (63, 134) but that contain defects, such as 
vacancies or defects. [Images are adapted from (9, 63)] 
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the thermal effect (temperature-dependent re- 
fractive index), changes the relative laser cavity 
detuning. In early work, this challenge was over- 
come by using an optimized laser scan (9). Since 
then, several techniques have been developed, 
from “power kicking” (74) to very fast laser mod- 
ulation using single sideband modulators (75), 
as well as fast thermal on-chip tuning (19) and 
carrier injection (77). All developed techniques 
have in common that once the DKS state is 
reached, the thermal response of the cavity is dom- 
inated by the DKS, causing the system to be 
self-stabilized in the presence of a red-detuned 
(typically several linewidth) strong pump field. 
This is due to the fortuitous circumstance that 
thermal effects make accessing the soliton state 
more difficult; once the solitons are generated, 
the thermal nonlinearity induced by the soliton 
self-stabilizes the laser-cavity detuning, con- 
stituting an autonomous feedback loop. Once 
accessed, DKS in microresonators can be pas- 
sively stable for hours. Another useful feature 
of the DKS regime is that if probed with a mod- 
ulated laser, the soliton state (64) exhibits two 
resonances: a C and S resonance, which cor- 
respond to the modulation response of the cavity 
and solitonic solution and reveal the effective 
laser detuning. Experimentally, the detuning 


the soliton duration, until the point at which the 
soliton existence range limit is reached (Fig. 2C, 
green region). In addition to continous wave 
pumping schemes, pulsed pumping can be used. 
Although the generation of the Kerr soliton mi- 
crocombs can occur at record low power [tens 
of milliwatts have been reported for octave span- 
ning spectra (48)], the efficiency of the process 
is low because of the detuned nature of the pump 
during the DKS formation. Periodic pulsed pump- 
ing at a frequency similar to the cavities’ inverse 
round-trip time can enhance this efficiency by 
approximately the ratio of the round-trip time 
to the pulse duration. This scheme was recently 
shown for DKSs in fiber cavities (27), exhibiting 
a locking behavior to the drive pulse and leading 
to a substantial increase in the conversion ef- 
ficiency. This scheme also has been demonstrated 
for Si;N4, microresonators for efficient and broad- 
band comb generation (49). Because of the higher 
efficiency of pulsed pumping, thermal effects 
are suppressed, making tuning to the DKS state 
possible by using slow laser scans. 


Theoretical modeling and numerical 
simulations of DKS in microresonators 


Kerr comb formation can, in addition to CMEs 
described above, also be described by a mean 


to be established. The internal optical field 
envelope A(}, ¢) in a microresonator with a self- 
focusing Kerr nonlinearity and only second- 
order GVD may be described with the LLE 
(12, 13, 16, 72), where @ is the angular coordinate 
in aring resonator in a frame copropagating the 
envelope with the group velocity, and ¢ is the 
slow time (slower than the round trip) 


2 
— — i> — ig |AP?A + («/2 + iA) A = Vins 


(2) 


Here, the input laser power is given by P = 
hao|s|", 1 = Kex/K is the coupling efficiency 
determined as a ratio of the output coupling rate 
Kex to the total loss rate « (n = 1/2 corresponds to 
critical coupling, and n ~ 1 corresponds to strong 
overcoupling), 4 is the reduced Planck’s constant, 
and @, is the pumped optical frequency. D, falls 
out from the equation in transforming to a 
rotating frame » = ~ — Dyt, consideration of 
terms with j > 2 leads to appearance of higher- 
order derivatives in Eq. 2, and A = @p - w is the 
pump detuning. It is convenient to switch to a 
dimensionless equation 
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Fig. 4. Dispersion engineering in photonic chip—based integrated 
waveguides and resonators. (A and B) Effective refractive index of a photonic 
integrated waveguide as a function of wavelength, revealing that tight 
confinement waveguides give rise to anomalous group velocity dispersion 
(positive curvature of the effective index curve). By contrast, weak confinement 
leads to normal GVD. (C) Shown is the measured integrated dispersion 
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parameter Dint(u) of a SisN4 microresonator by use of frequency comb-assisted 
spectroscopy, revealing purely anomalous GVD. (D) Engineering of the GVD 

of a SigN4 waveguide cladded with silica, opening an anomalous GVD window in 
the telecommunication band (98). (E) Integrated microresonator platforms 
showing Kerr comb formation to date, including diamond, AIN, AlGaAs, silica on 
silicon, and SizN4. DKSs have been generated in silica, SigN4, and Si. 
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0 = 64/55, f = MEBs, ¥ = 1/784, G = 2A/«, 
t = «t/2). Without the right part, Eq. 3—known 
as the nonlinear Schrédinger (NLS) equation—is 
integrable with a sech-shaped soliton solution 
(87). An exact stationary solution of Eq. 3 in the 
form of solitonic pulses on CW background is 
also known (/4, 88, 89), when only a driving term 
without losses is considered. Although this solu- 
tion provides a good approximation in the limit of 
large detuning Co, it gives little insight in the un- 
derstanding of the DKS dynamics without num- 


> 


erical simulations and asymptotic approximations. 
The damped driven NLS (Eq. 3) is frequently 
referred to as the LLE (73), an important equation 
first introduced to describe two-dimensional 
spatial transversal solitonic field patterns in non- 
linear Fabry-Perot etalons and later reformulated 
for longitudinal temporal solitons (15). The same 
longitudinal equation was, however, earlier ana- 
lyzed in application to plasma physics (90, 91), 
where solitons on background and existence 
boundaries were found. 


In (85), an alternative approach for Kerr comb 
simulation was proposed on the basis of discrete 
analysis of each comb line nonlinearly coupled 
with all others. The system of equations in this 
way may consist of hundreds of CMEs with mil- 
lions of nonlinear terms that nevertheless can be 
efficiently numerically integrated by using the 
fast Fourier transform (92). The CME description 
is equivalent to LLE (77) and may be considered 
as its discrete Fourier transform. The CME ap- 
proach is useful to analyze dynamics for each 
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Fig. 5. The influence of dispersion and Raman effect on DKS. 

(A) A nearly purely quadratic dispersion (anomalous GVD)—dominated 
DKS generated in a crystalline microresonators. (B) Soliton-induced 
Cherenkov radiation—a soliton whose spectral envelope encompasses 
the normal GVD regime. A dispersive wave is emitted where the phase 
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matching condition [Djn(u) = O] is satisfied. (C) A spectrum with dual 
dispersive waves, covering a full octave in a Si3N4 microresonator 
with terahertz mode spacing. (D) A platicon state (dark pulses) 
generated in the normal dispersion regime. (E) A Raman soliton, 
generated from the single soliton state in a silica microdisk. 
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Fig. 6. Applications of soliton microcombs. Applications of areas of 
microcombs (from top, clockwise): ultrafast dual soliton microcomb distance 
measurements (LIDAR) (46), chip-scale atomic clocks, photonic Radar (135), 


comb line and also in cases in which local dis- 
persion for particular lines is perturbed and 
not easily described by the Taylor series (67). 


Microresonator platforms for 
soliton formation 


Soliton Kerr frequency combs in microresonators 
were first observed (9) in crystalline MgF, res- 
onators (45, 93) with ultrahigh-Q factor, lead- 
ing to a low threshold for nonlinear effects (94). 
The platforms in which solitons can be generated 
have been extended significantly and include 
platforms that are amenable to wafer-scale 
processing, such as silica microdisk resonators 
(17) and photonic integrated platforms, notably 
SizN4 (19, 20, 95, 96). Such photonic chip-based 
resonators based on Si3N, enable integration of 
waveguides and resonators, enable further func- 
tionality such as heaters, and are space compatible 
(70). Moreover, solitons have been generated in 
Si microresonators in the mid-infrared (77), where 
two-photon absorption is negligible. A chal- 
lenge in this case is attaining sufficiently high 
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Q for efficient nonlinear parametric frequency 
conversion. 

One platform that is particularly well suited is 
based on Si,N,, a material that is already a part 
of the complementary metal-oxide semiconductor 
(CMOS) process, for the strain engineering of 
transistors and as a capping layer. Its high re- 
fractive index of n ~ 2 enables tight optical con- 
finement waveguides and microring resonators, 
and the high bandgap (~3 eV) mitigates multi- 
photon absorption in the telecommunication 
band. Recent measurements have revealed that 
SizN, has intrinsic material limited Q-factors 
that can exceed 10” (97). Although the Q-factors 
attained in Si,;N, are still substantially below 
those of crystalline resonators, the significantly 
tighter optical confinement and higher Kerr- 
nonlinearity have allowed DKS generation. 
Moreover, DKSs have been observed in fiber 
Fabry-Perot microcavities (27). Although more 
platforms exist in which Kerr comb generation 
has been shown—including, in particular, com- 
pound semiconductors such as AlGaAs or AIN— 
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dual-microcomb spectroscopy (38), optical coherence tomography, low- 
noise microwave generation (45), integrated optical frequency synthesizer 
(136), and astrophysical spectrometer calibration for exoplanet detection (49). 


soliton formation has to date not been demon- 
strated in these materials. Irrespective of the 
platform or material used, a requirement for 
soliton formation is attaining anomalous group 
velocity dispersion. As one approaches the band- 
gap of the material, the normal GVD will start 
to dominate. This limitation has been overcome 
with waveguide geometry-based dispersion en- 
gineering (98). 


Dispersion engineering 


Optical microresonators exhibit variation of the 
FSR because of the effect of material and geo- 
metric (resonator) dispersion. Material dispersion, 
commonly expressed via the Sellmeier equations, 
poses stringent limits on the wavelength range in 
which anomalous GVD is possible. By contrast, the 
resonator dispersion can be engineered via the 
resonator geometry and can be engineered to 
be anomalous GVD, overcoming the inherent 
material dispersion (98). For a nanophotonic 
waveguide, the dependence of the effective re- 
fractive index on the wavelengths leads inherently 
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to normal GVD when the mode is weakly con- 
fined and to anomalous GVD for tight confine- 
ment. This is illustrated in Fig. 4 and has been 
applied to achieve Kerr comb generation in 
SizN,, despite the material having normal ma- 
terial dispersion (77). Moreover, coatings can 
be used to further engineer dispersion properties 
(99). A limitation arises from the whispering- 
gallery mode (WGM) potential induced normal 
GVD for small waveguide radii (99). The comb 
bandwidth can be significantly extended when 
making use of higher-order soliton broadening 
effects. If higher-order dispersion terms are sig- 
nificant, and the comb extends into regions where 
the dispersion changes sign, the comb bandwidth 
will be significantly extended. (20, 35, 72, 100-103). 
Comb lines near zeros in the integrated dispersion 
profile (Fig. 3A) form dispersive waves coupled to 
solitons also known as soliton Cherenkov radia- 
tion (103-106). An analogous effect may occur 
because of dispersion perturbation induced by 
mode coupling (62, 106). Proper design of the 
resonators (73) also allows for suppressing the 
nonfundamental modes that, because of mode 
couplings with multiple avoided mode crossings 
(61), may prevent generation of solitons. Because 
of the very short duration of the DKS in micro- 
resonators, the LLE needs to be generalized to 
include higher-order dispersion (72, 105), Raman 
scattering, and self-steepening terms (107-109) 
to describe the soliton microcombs. 


Dispersive waves in DKS 


For solitons whose spectral bandwidth extends 
into the normal GVD regime, the LLE has to be 
extended with higher-order dispersion terms. 
This gives rise in particular to the effect of 
soliton-induced Cherenkov radiation, also known 
as dispersive wave formation. This process was 
first described for supercontinuum generation in 
optical fiber (J04) and applies also to DKSs in 
optical microresonators (72). In this case, the 
soliton develops an oscillatory tail, on the trailing 
or leading edge of the pulse. The spectral location 
of this dispersive wave corresponds approximately 
to the condition where D;,;(u) = 0, where the 
resonator FSR matches that of the dispersionless 
soliton. Dispersive waves offer the practical ad- 
vantage that they enable extension of the spec- 
tral coverage of the soliton Kerr comb to the 
normal dispersion regime and increase the pow- 
er in the spectral ends of the comb. Suitable 
quartic dispersion enables also the creation of 
DKSs with two dispersive waves that can cover 
a full octave (Fig. 5C). The soliton Cherenkov 
radiation also entails a spectral recoil (05, 110). 


Raman effect in DKS and the 
Stokes soliton 


The Raman effect is particularly relevant in 
amorphous media such as silica or Siz;N, but 
has been observed to be negligible in crystal- 
line material of MgF, because of the narrow 
Raman gain bandwidth. The Raman effect leads 
to a Raman self-frequency shift: a soliton that 
is shifted with respect to the pump [also called 
frequency-locked Raman soliton (53)]. The Raman 
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effect can also lead to a new type of soliton, the 
Stokes soliton, which is a soliton generated by 
the Raman gain and locked to the pump soliton 
(Fig. 5E) (55). Recently, it was also shown that 
DKSs experience a limitation on their temporal 
duration and bandwidth because of the stim- 
ulated Raman scattering (117), once the comb 
spacing is less than the Raman gain bandwidth. 
In addition, it was shown that in the presence 
of a large Raman gain (such as in diamond), 
comb generation can only occur if the FSR is 
sufficiently large to suppress Raman lasing. 


Counterpropagating solitons and 
spatial multiplexing 


WGM microresonators support both counter- 
propagating traveling modes, which allows sim- 
ultaneous excitation of DKS in both clockwise 
and counterpropagating directions (112, 113). 
The two combs, however, have been observed 
to lock to each other, an effect likely associated 
with Rayleigh backscattering. Such locking was 
recently demonstrated and enables the creation 
of two phase-locked pulse streams of soliton Kerr 
combs, which can be used for dual-comb distance 
measurements (47). Such dual-comb soliton pulse 
streams can also be generated by using spatial 
multiplexing of solitons—the generation of DKSs 
in several spatial mode families of one and the 
same resonator (J/4). 


Normal dispersion solitonic pulses 


The LLE also exhibits solutions for normal GVD, 
a solution known as dark soliton (short dip in 
CW background). However, because of periodic 
boundary conditions, purely dark solitons with 
opposite sign of phase on both sides are im- 
possible in microresonators, whereas low-contrast 
gray solitons have a quite narrow, hardly ac- 
hievable range of existence (115, 116). Nevertheless, 
mode-locked Kerr frequency combs in the normal 
dispersion regime were experimentally demon- 
strated in different materials (177-120). It was 
revealed by using numerical simulations that 
these experimental results may be interpreted 
by use of a type of solitonic pulses called 
“platicons,” flat-topped bright or dark (depend- 
ing on the duration) pulses that can be softly 
excited and stably exist in microresonators with 
normal dispersion in case of bichromatic or 
amplitude-modulated pump (720) as well as with 
a local dispersion perturbation (57). In real mi- 
croresonators, such a perturbation may occur 
because of the normal mode coupling between 
different mode families (119, 122). Platicons rep- 
resent bound states of opposing switching waves 
(123) that connect upper and lower branches of 
bistable resonance to satisfy periodic boundary 
conditions. They may be identified in experiments 
because of their characteristic optical spectrum 
with pronounced wings (Fig. 5). In (124), it was 
demonstrated that the dynamics of platicons 
in the presence of the third-order dispersion is 
quite peculiar and drastically different from 
bright solitons. In (125), a possibility of stable 
coexistence of dark and bright solitons in case 
of nonzero third-order dispersion was revealed. 
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Applications of DKSs 

Accessing DKSs in microresonators has unlocked 
in a short timeframe several promising applica- 
tions. The ability of DKSs to generate broadband- 
coherent combs with gigahertz repetition rates 
and short pulse streams has a number of applica- 
tions in which either compactness is required or 
the high repetition rates are advantageous (Fig. 6). 


Microwave-to-optical link 


Soliton Kerr microcombs have enabled the count- 
ing of the cycles of light by creating a direct 
microwave-to-optical link, by using self-referencing 
assisted with external fiber-based broadening 
(42, 126) and by directly exploiting the broad- 
band nature of DKS (43). 


Optical frequency synthesizers 


DKSs based on a dual-comb approach have been 
used to create an integrated optical frequency 
synthesizer that allows synthesizing an optical 
frequency from a radio-frequency reference (48). 


Massively parallel coherent 
communications 


Kerr combs with hundreds of equally spaced 
lines can serve as a reference for wavelength di- 
vision multiplexing in massively parallel coher- 
ent telecommunications, with demonstrated data 
rates exceeding 50 terabits per second, at both 
the receiver and transmitter ends (44). 


Dual-comb spectroscopy 


Two slightly different frequency combs can form 
on a photodetector a radio-frequency comb (25), 
with the repetition rate equal to both combs’ 
optical repetition rates difference. DKSs have 
been used for such dual-comb measurements in 
both near- and mid-infrared (37-40) and allow 
even full integration on chip. 


LIDAR 


Dual-microcomb may be implemented for ul- 
trafast distance measurements with submi- 
crometer resolution (46), using counterclockwise 
solitons (47). 


Low-noise microwave generation 


Soliton Kerr microcombs can also be used for 
compact ultrastable microwave generation, es- 
pecially if augmented with compact atomic cell 
references (126, 128). 


Astrophysical spectrometer calibration 


The large line spacing makes DKSs ideal for 
calibrating astrophysical spectrometers for ex- 
oplanet searches. In contrast to conventional 
laser frequecy combs that require filtering, this 
is not necessary for DKSs. Recent work demon- 
strated that DKSs provide calibration sufficient 
for search of Earth-like planets (49, 50). 

Beyond these already demonstrated applica- 
tions, there is application potential in several 
domains, in particular for the visible range. Op- 
tical coherence tomography, dual-comb coherent 
anti-Stokes Raman spectroscopy (129), or photonic 
microwave signal processing (130) are obvious 
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new directions, but qualitatively and quantita- 
tively new nonlinear physics and devices are 
expected when advancing the ability to engineer 
dispersion over broad bandwidth in photonic 
chips and, when investigated, more complex 
photonic devices and geometries, such as photonic 
band-gap waveguides and cavities. 


Further developments and outlook 


The fast progress in recent years—in the under- 
standing of soliton formation, the broad range of 
platforms in which solitons in driven dissipative 
nonlinear microresonators have been generated, 
and the rapid rise of applications and proof of 
concepts—indicate a fruitful playground for fu- 
ture progress. Yet challenges exist, in particular 
toward making the technology viable: increasing 
bandwidth of solitons, increasing the efficiency, 
and increasing the photonic integration. More- 
over, despite decades of research, integrated pho- 
tonic resonators presently still exhibit propagation 
losses that are more than three orders of mag- 
nitude higher than those of standard optical 
fibers. Overcoming this challenge would allow 
dramatic improvements in power efficiency and 
likely requires further research in photonic ma- 
terials and fabrication processes. Several areas 
can be identified that may offer advances and 
new avenues both technological in nature as well 
as fundamental, such as new and improved ma- 
terials and new platforms. Although the advances 
cannot be predicted, several developments can 
be anticipated. 


Advanced dispersion engineering and 
new nonlinear materials 


The coherent synthesis of an even broader spec- 
trum, possibly corresponding to single-cycle 
pulses, depends critically on dispersion engineer- 
ing. Dispersion engineering may open single or 
even subcycle waveforms inside dielectric resona- 
tors, as well as new coupled soliton complexes. 
Such advanced dispersion engineering is in its 
infancy at present and could use multilayer co- 
atings, more complex waveguides that use coupled 
resonators or photonic crystal waveguide geo- 
metries, or combinations of existing materials. 
To date, solitons have been generated in a small 
class of materials (MgFy, SizN,, Si, and SiO.), and 
evident potential exists when using III-V semi- 
conductors in particular, which offer atomic- 
scale deposition processes and tailored band gap 
(131). Likewise, solitons are surprisingly stable 
attractors—and are robust to dispersion disorder. 
This could enable machine-learning algorithms 
to design complex highly multimode systems, 
whose composite mode coupling induced a 
broadband desired dispersion landscape that 
supports solitons. If achieved, it may become 
possible to engineer arbitrary and much more 
complex and flat dispersion landscapes that could 
host multiple a-GVD-hosted soliton complexes. 


Quantum technology 


A further area under exploration is the use of 
parametric interactions, a process that is ca- 
pable of generating correlated pairs of photons 
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for the generation of quantum states. One ap- 
plication lies in generating quantum random 
number generation using optical parametric os- 
cillations (132). Moreover, the parametric fluo- 
rescence in Kerr nonlinear microresonators has 
already been successfully used for correlated 
photon states and higher-order correlated photon 
states (133). Beyond technological advances out- 
lined above, there are also fundamental open 
questions. An emerging question is the behavior 
of coupled parametric soliton arrays. The behav- 
ior of such driven, dissipative, nonlinear systems 
is an emergent question that is also experimen- 
tally accessible and may give rise to unanticipated 
effects. These possible advances reveal that DKS- 
based microcombs may offer advances to a wide 
range of areas, from timekeeping and spectros- 
copy to sensing and telecommunications, and 
are emerging as candidate building blocks in 
tomorrow’s photonic technologies. 
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Structural basis for the recognition of 
Sonic Hedgehog by human Patched] 


Xin Gong*, Hongwu Qian“, Pingping Cao*, Xin Zhao, Qiang Zhou, Jianlin Lei, Nieng Yant{ 


INTRODUCTION: The Hedgehog (Hh) path- 
way is critical for embryogenesis and tissue 
regeneration. Hh signaling is activated by bind- 
ing of the secreted and lipid-modified protein 
Hh to the membrane receptor Patched (Ptch). 
In the absence of Hh, Ptch suppresses the down- 
stream G protein-coupled receptor Smoothened 
(Smo) via an unknown and indirect mechanism. 
Binding of Hh to Ptch relieves the inhibition 
on Smo and turns on the signaling events that 
lead to the transcriptional activation of the Hh 
pathway. Aberrations of Hh signaling are asso- 
ciated with birth defects or tumorigenesis. De- 


spite rigorous investigations, the molecular basis 
for the interplay among Hh, Ptch, and Smo re- 
mains unclear, and the structural basis for 
the recognition between Ptch and Hh is yet to 
be elucidated. 

The 1447-residue human Ptch1 protein is pre- 
dicted to contain 12 transmembrane segments 
(TMs) and to share structural similarity with 
the bacterial resistance-nodulation-division 
(RND) family transporters. TMs 2 to 6 of Ptch1 
constitute the sterol-sensing domain (SSD), 
which has been found in several proteins 
involved in sterol transport and metabolism. 


Structural basis for sterol perception by the sterol-sensing domain (SSD) and steroid- 
dependent binding between Ptchi1 and ShhN. (A) Structural comparison of Ptch1 alone (silver) 
and in complex with ShhN (domain-colored). (B) Two CHS binding sites on Ptchl, one enclosed 
by extracellular domains [the extracellular steroid binding site (ESBS)] and one on the SSD. 

(C) Potential sterol transfer between the two binding sites. (D) Functional implications of the structures. 


Gong et al., Science 361, 568 (2018) 
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The molecular mechanism for potential sterol 
binding or transport activity of these SSD- 
containing proteins remains elusive. 


RATIONALE: To obtain a sample suitable for 
structural study, we generated several constructs 
of human Ptch1 based on sequence conservation 
and functional characterizations. Eventually, the 
truncated human Ptchi containing residues 
1 to 1305, which was transiently expressed in 
human embryonic kidney (HEK) 293F cells, 
exhibited a sufficient expression level and good 

solution behavior after af- 
finity and size exclusion 
Read the full article chromatography purifica- 
at http://dx.doi. tion. Both oligomeric and 
org/10.1126/ monomeric states of Ptch1 
science.aas8935 were observed. The mono- 
meric form was used for 
single-particle cryo-electron microscopy (cryo- 
EM) analysis because of its excellent behavior 
under cryo conditions. 

Among the three mammalian Hh homologs 
Sonic (Shh), Desert (Dhh), and Indian (thh), 
Shh has been the prototype for functional and 
mechanistic investigations. The N-terminal do- 
main of human Sonic Hh (ShhN, residues 24 to 
197) expressed and purified in Escherichia coli 
was able to form a stable complex with the 
detergent-solubilized Ptch1 protein in the pres- 
ence of cholesteryl hemisuccinate (CHS). 


RESULTS: The cryo-EM structures of human 
Ptchi alone and in complex with ShhN were 
determined at overall resolutions of 3.9 A and 
3.6 A, respectively. Two interacting extracel- 
lular domains, ECD1 and ECD2, and 12 TMs 
are resolved for Ptch1. ECD1 and ECD2 move 
toward each other upon arrival of ShhN and 
together constitute the docking site for ShhN. 
Detailed recognition between ShhN and Ptch1 
was analyzed and biochemically confirmed. 
Two elongated densities, both consistent with 
CHS, are observed in Ptch1 with or without 
ShhN, one in a pocket enclosed by the ECD 
domains and the other in a membrane-facing 
cavity of the SSD. Structure-guided biochem- 
ical analyses revealed steroid-dependent inter- 
action between ShhN and Ptch1. The structure 
of a steroid binding-deficient Ptch1 mutant dis- 
plays pronounced conformational rearrange- 
ments relative to the wild-type protein. 


CONCLUSION: The structures of human Ptch1 
and its complex with ShhN reveal the molecular 
basis for the recognition between Ptch1 and 
ShhN. The identification of two steroid-binding 
sites in Ptch1 establishes an important frame- 
work for future investigations of Hh signaling 
and provides critical insight into sterol percep- 
tion by SSD-containing proteins. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
}Corresponding author. Email: nyan@princeton.edu 
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Structural basis for the recognition of 
Sonic Hedgehog by human Patched1 


Xin Gong’*}, Hongwu Qian’™+}, Pingping Cao'{, Xin Zhao’, Qiang Zhou’, 


Jianlin Lei”, Nieng Yan"*+ 


The Hedgehog (Hh) pathway involved in development and regeneration is activated by 
the extracellular binding of Hh to the membrane receptor Patched (Ptch). We report the 
structures of human Ptchi alone and in complex with the N-terminal domain of human 
Sonic hedgehog (ShhN) at resolutions of 3.9 and 3.6 angstroms, respectively, as 
determined by cryo-electron microscopy. Ptchl comprises two interacting extracellular 
domains, ECD1 and ECD2, and 12 transmembrane segments (TMs), with TMs 2 to 6 
constituting the sterol-sensing domain (SSD). Two steroid-shaped densities are resolved 
in both structures, one enclosed by ECD1/2 and the other in the membrane-facing cavity 
of the SSD. Structure-guided mutational analysis shows that interaction between ShhN 
and Ptchi is steroid-dependent. The structure of a steroid binding—deficient Ptch1 mutant 
displays pronounced conformational rearrangements. 


he Hedgehog (Hh) signaling pathway, 

which has been investigated extensively in 

Drosophila and vertebrates, plays a pivotal 

role in embryogenesis and postnatal tissue 

maintenance and regeneration (7-5). Activa- 
tion of Hh signaling is initiated by binding of the 
secreted protein Hh to the membrane-embedded 
receptor Patched (Ptch) in Hh-responsive cells 
(6-8). In the absence of Hh, Ptch inhibits Smooth- 
ened (Smo), a class F GPCR (G protein-coupled 
receptor), although the mechanism remains un- 
clear (9-11). Binding of Hh to Ptch relieves the 
inhibition on Smo and turns on the signaling 
events that lead to the transcriptional activa- 
tion of the Hh pathway (72-17). Compromised 
Hh pathway activity may result in birth defects, 
whereas aberrant activation of Hh signaling 
by suppressing Ptch or activating Smo has been 
implicated in tumorigenesis of several tissues, 
as exemplified by basal cell carcinoma and 
medulloblastoma (78-22). 

In mammals, three Hh homologs have been 
identified—Sonic (Shh), Desert (Dhh), and Indian 
(Ihh)—among which Shh represents the proto- 
type for functional and mechanistic elucidation 
(5). A ~450-residue Shh precursor undergoes auto- 
catalytic cleavage and yields an N-terminal do- 
main (ShhN) of ~20 kDa that is responsible for 
all known signaling activities. ShhN is modified 
with N-terminal palmitoyl and C-terminal cho- 


1State Key Laboratory of Membrane Biology, Beijing 
Advanced Innovation Center for Structural Biology, Tsinghua- 
Peking Joint Center for Life Sciences, School of Life Sciences 
and School of Medicine, Tsinghua University, Beijing 100084, 
China. “Technology Center for Protein Sciences, Ministry of 
Education Key Laboratory of Protein Sciences, School of Life 
Sciences, Tsinghua University, Beijing 100084, China. 
*Present address: Department of Molecular Biology, Princeton 
University, Princeton, NJ 08544, USA. tThese authors contributed 
equally to this work. 

$Corresponding author. Email: nyan@princeton.edu 
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lesteryl moieties (23-27). Although unpalmitoy- 
lated ShhN exhibits decreased activity (26, 28), 
these modifications are dispensable for the high- 
affinity binding to Ptch (29). 

Because abnormal activation of the Hh path- 
way is associated with tumorigenesis, different 
types of inhibitors have been developed that 
target Hh signaling (30, 31) (fig. S1). Most of these 
are antagonists for Smo or inhibitors of down- 
stream components in the Hh pathway. How- 
ever, some of them are designed to disrupt the 
interaction between Ptch1 and ShhN, such as 
Robotnikinin (32) and HL2-m5 macrocyclic pep- 
tide (33) (fig. S1). Structural information on the 
ShhN-Ptch1 complex may provide important in- 
sight into design or optimization of ligands to 
disrupt the formation of a complex between ShhN 
and Ptch1. Whereas a number of crystal structures 
of ShhN segments alone and in complex with dif- 
ferent binding proteins have been reported (34), 
there has been a lack of structural information 
on Ptch. 

Patched (ptc) was cloned as a segment-patterning 
gene in Drosophila (35, 36). The human homolog 
was later identified as a tumor suppressor for basal 
cell nevus syndrome (also known as Gorlin syn- 
drome) (37, 38). There are two Ptch homologs in 
mammals, Ptch1 and Ptch2, both of which, de- 
spite their divergent expression patterns and 
physiological functions, bind to the three types 
of mammalian Hh ligands with similar affinity 
(39, 40). The full-length human Ptch1 (hPtch1), 
consisting of 1447 amino acids, is predicted to 
contain 12 transmembrane segments (TMs), two 
extracellular domains (ECDs), and two intracel- 
lular domains (37). Ptch proteins share sequence 
similarity with the bacterial resistance-nodulation- 
division (RND) family transporters exemplified by 
the proton-driven multidrug resistance pump AcrB 
(41, 42). TMs 2 to 6 of Ptch constitute the sterol- 
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sensing domain (SSD) that has been found in a 
number of sterol transport and metabolism-related 
proteins, such as 3-hydroxy-3-methylglutaryl- 
coenzyme A reductase (HMGCR), SREBP cleavage- 
activating protein (SCAP), Niemann-Pick type C1 
(NPC1), NPC1-like 1 (NPCIL1), and another Hh 
signaling component, Dispatched (Disp) (43). 
Although the structures of human NPCI1 have 
recently been determined, the molecular mech- 
anism of potential sterol binding or transport 
mediated by the SSD-containing proteins remains 
enigmatic (44, 45). 

Here, we report the cryo-electron microscopy 
(cryo-EM) structures of human Ptch1 alone and 
in complex with ShhWN at overall resolutions of 
3.9 A and 3.6 A, respectively. The structures 
reveal the detailed recognition between ShhN 
and Ptchi. Unexpectedly, two steroid molecules 
are observed, one in a pocket enclosed by the 
ECDs and one in the membrane-facing cavity of 
the SSD. Structure-guided biochemical analyses 
suggest that the interaction between ShhN and 
Ptch1 is steroid-dependent—an observation cor- 
roborated by additional structural evidence. 


Structural determination of human Ptch1 
and the Ptch1-ShhN complex 


To obtain a sample suitable for structural study, 
we generated several constructs of human Ptch1 
based on sequence conservation and functional 
characterizations (fig. S2) (8, 46, #7). Consistent 
with a previous observation in a cell-based bind- 
ing assay that the C terminus-truncated mouse 
Ptch1 binds to ShhN with affinity similar to that 
of wild-type Ptch1 (Ptch1-WT) (8), the C terminal 
intracellular domain of mouse Ptch1 was shown 
to be dispensable for Ptch1-dependent regulation 
of canonical Hh signaling (46, 47). We therefore 
tested a number of C-terminus truncations and 
identified an optimal construct for human Ptch1 
(residues 1 to 1305) that exhibited sufficient ex- 
pression level and good solution behavior (fig. $3). 
[See below for details of the subcloning, transient 
human embryonic kidney (HEK) 293F cell ex- 
pression, purification, and cryo-EM data acqui- 
sition of Ptch1.] 

Consistent with the reported oligomerization 
of Ptch1 (47, 48), recombinant Ptch1 eluted in 
two peaks upon size-exclusion chromatography 
(SEC), suggesting distinct oligomerization states 
(fig. S3B). Preliminary assessment using cryo-EM 
showed that protein particles in the earlier peak 
were heterogeneous, posing a major challenge 
for structural determination. In contrast, the pro- 
teins in the later peak, despite its smaller size, 
appeared homogeneous and displayed multiple 
orientations in the thin layer of vitreous ice. We 
therefore focused on the monomeric form of 
Ptch1 for cryo-EM analysis. 

An EM reconstruction was obtained at 3.9 A 
resolution from 94,445 selected particles (fig. S3C) 
according to the gold-standard Fourier shell 
correlation 0.143 criterion. Although the con- 
struct used for structural determination contains 
1305 residues, all the intracellular segments— 
including the 72 residues on the N terminus, res- 
idues 608 to 730 that connect TMD1 (TMs 1 to 6) 
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Fig. 1. Cryo-EM structures of human Patched1 (Ptch1) alone and in 
complex with ShhN. (A) Overall structure of Ptchl. The structures shown on 
the left and right are rainbow and domain-colored, respectively. The sterol- 
sensing domain (SSD) that consists of TMs 2 to 6 is colored yellow. The 
sugar moieties are shown as sticks. See fig. S7 for the detailed structural 
illustration of individual domains. Unless otherwise indicated, the same color 


and TMD2 (TMs 7 to 12), and the C-terminal seg- 
ment after Ser™®°—are invisible, likely owing to 
intrinsic flexibility. In total, 990 residues were 
built with 969 side chains assigned (Fig. 1A, 
Table 1, and figs. S4A, S5A, and S6A). 

The well-resolved regions include two ECDs and 
the 12 TMs that display a typical RND family ar- 
chitecture with a two-fold pseudosymmetry around 
an axis that is perpendicular to the membrane 
(Fig. 1A and fig. S7A) (44, 49). The two TMDs, 
each preceded by an amphiphilic helix that lies 
on the intracellular boundary of the membrane 
(designated IH), can be superimposed with a 
root mean square deviation (RMSD) of 3.7 A over 
186 Co atoms (fig. S7B). 

The two ECDs in Ptch1, ECD1 between TM1 
and TM2 and ECD2 between TM7 and TM8, 
correspond to domain C and domain I in NPC1, 
respectively (44). Each ECD is linked to the 
N-terminal TM by a long linker (linker 1 for ECD1 
and linker 7 for ECD2) and to the C-terminal 
TM by a Neck helix (Fig. 1A and fig. S7C). ECD1 
and ECD2 both contain a topologically similar 
core region right above the TMD, which we term 
the “base domain” (Fig. 1A and fig. $7, C and D). 
Despite similar folds of the two base domains, 
ECD1 and ECD2 display divergent spatial arrange- 
ments and cannot be well superimposed (fig. S7D). 

On top of the base domains, ECD1 and ECD2 
each contain an extra helical domain that is ab- 
sent in NPC1 (Fig. 1A). Notably, both ECDs are 
enriched in lengthy loops (fig. S7C). For instance, 
the segment (residues 943 to 969) that connects 
62 and 83 in the base domain of ECD2 forms an 
upward-extending loop hairpin (designated the 
H loop) that represents part of the helical do- 
main (figs. S2 and S7, A and C). The two ECDs 
interact with each other through an extended 


Helical 
domain 


Linker7 


\) — Intracellular 


¥ \ _ Extracellular 


Table 1. Summary of data collection and model statistics. 


Data collection 


Ptch1-WT 


Ptch1-ShhN 


Titan Krios (Thermo Fisher) 


K2 Summit (Gatan) 


code is applied to all figures. (B) Structure of Ptchl in complex with ShhN. 
Left: The resolution map for the Ptch1-ShhN complex. The color code for 
resolutions, shown with the unit A, is calculated using Relion 2.0 (73) and 
generated in Chimera (80). Right: Overall structure of the Ptchl-ShhN 
complex. The Ca** and Zn** ions are shown as green and purple spheres, 
respectively. All structure figures were prepared using PyMol (81). 


Ptch1-3M 


137,823 


154,721 


Outlier 
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yet loose interface and both project into the ex- 
tracellular space with similar heights of approx- 
imately 80 A (Fig. 1A). Six glycosylation sites 
were observed, four on ECD1 and two on ECD2 
(fig. S7C). 

For structural determination of the complex 
between Ptchi and ShhN, we overexpressed hu- 
man ShhN (residues 24 to 197) in Escherichia coli 
and incubated the purified protein with the 
C terminus-truncated human Ptch1 for cryo-EM 
analysis. (See below for details of the reconstitu- 
tion, sample preparation, and cryo-EM data ac- 
quisition of the Ptch1-ShhN complex.) A total of 
137,823 selected particles yielded a reconstruc- 
tion at 3.6 A resolution, which contains density 
for ShhN (Fig. 1B, Table 1, and figs. S4B and S5B). 
The crystal structure of ShhN (PDB code 4C4M) 
was docked into the density with manual adjust- 
ment. Residues 39 to 190 of ShhN were resolved 
(Fig. 1B). The improved resolution allows more 
accurate structural modeling of Ptch1 (Fig. 1B 
and fig. S6, B and C). Most of the structural de- 
scriptions hereafter are based on the complex 
structure if not otherwise noted. 


Interface between Ptch1 and ShhN 

ShhN binds to the Ptch1 surface constituted by 
the upper helical domains of the two ECDs (Fig. 
2A). An extended loop (residues 206 to 213) on 
ECD1 designated the E loop (because it contains 
the conserved Glu”) (fig. $2), the ensuing helix 
a3 on ECD1, and the H loop on ECD2 constitute 
the primary binding site for ShhN (Fig. 2A). 

In addition to Ptch and Smo, Hh signaling 
is subject to regulation by cell surface or extra- 
cellular proteins, such as the co-receptors Cdon/ 
Boc (equivalent of Ihog/Boi in invertebrates), 
the extracellular Hh antagonist Hhip (Hh inter- 
acting protein), and the antagonist antibody 
5E1 (34). ShhN, which shares structural homol- 
ogy to a bacterial carboxypeptidase but lacks 
hydrolytic activity, contains a Lys/Arg-enriched 
pseudo-active site groove that represents the 
primary surface for many binding proteins (8). 
Examination of the structure of the Ptch1-ShhN 
complex reveals that the Ptch1-interacting sur- 
face, which involves the pseudo-active site 
groove, overlaps with that for other binding pro- 


teins, including the FNIII repeat of Cdo (CdoFn3), 


Ptch1 (WT)— 
MBP-ShhN — 
variants 
Lane # 
Ne 
A ag 
ww e 
s s a se sf 
wg ¢ 7a) 


Ptch1 Input— fi 


Ptch1 variants — 


MBP-ShhN (WT) — [= 


Fig. 2. Specific recognition between Ptch1 and ShhN. (A) The two extracellular domains, ECD1 and 
ECD2, of Ptch1 together constitute the docking site for SnhN. (B) The ECDs of Ptch1 recognize ShhN 
through extensive polar interactions. The left and right panels highlight the specific recognition of SnhN 
by ECD1 and ECD2, respectively. The potential electrostatic interactions are represented by dotted 

red lines. (C) Biochemical verification of the observed interface. 
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Hhip, and 5E1 Fab (fig. $8). The structure thus 
provides the basis for the observed competitive 
binding for Hh by Ptch1 and several binding 
proteins (50-53). 

The ShhN-Ptch1 interface is primarily medi- 
ated by polar and charged residues (Fig. 2B). 
ECD1 and ECD2 each contribute multiple acidic 
residues for interaction with the Lys/Arg patch 
that lines the pseudo-active site groove of ShhN. 
The reported resolution for the interface is ap- 
proximately 3.8 A (Fig. 1B), insufficient for ac- 
curate distance measurement between atoms that 
may form electrostatic interactions. Nonetheless, 
the backbones are well defined, supporting analy- 
sis of the interface residues. Glu?” on the E loop of 
ECD1 appears to be a coordination center, inter- 
acting with Lys®’, Arg’, and Arg’? on ShhN. 
Glu?’ on helix 03 interacts with Tyr“ and Lys*® 
of ShhN, and the preceding Asp*” is hydrogen- 
bonded to Ser’” (Fig. 2B, left). ECD2 mainly 
engages Glu’, Asp*”, Asp®™*, and Glu°** on the 
H loop for ShhN binding (Fig. 2B, right). 

The structural observation was verified by 
mutational analysis. We used wild-type or muta- 
ted ShhN proteins that were fused to MBP as bait 
to pull down Ptch1 variants (Fig. 2C). Single point 
mutations of the aforementioned ShhN or Ptch1 
residues to opposite charges or double mutations 
to Ala all resulted in compromised complex forma- 
tion. As a control, Ala substitution of ShhN-Thr” 
(T77A), which is not engaged in Ptch1 interactions, 
had no effect on Ptch1 binding (Fig. 2C). 


An extracellular steroid-binding site 
in Ptch1 


Structural comparison of Ptch1 in the absence 
and presence of ShhN reveals marked shifts of 


Movie 1. Conformational changes of Ptch1 
upon ShiN binding. The morph was generated 
using the ShhN-free and -bound structures 

of Ptchl as the first and end frames. The structures 
are shown as cartoon and domain-colored. 

The morph was generated by aligning the two 
structures and generating 60 intermediates in 
Chimera. The morphs were merged and displayed 
in PyMol using the “mset” command. 
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the ECDs, whereas the transmembrane segments 
remain unchanged (Movie 1). The two ECDs, 
which exhibit limited intradomain rearrange- 
ments except for some loop regions, move toward 
each other upon ShhN binding, resulting in in- 
creased interface between ECD1 and ECD2 from 
~3830 A? to ~4370 A? (Fig. 3A). Helix a, which 
connects to TM] via linker 1, swings together 
with ECD2 (Fig. 3A, left). The lengthy linker 1 and 
the C-terminal short loop that connect the Neck 
helix to the TMD may confer the structural plas- 
ticity for the observed domainwise swing mo- 
tions. Note that whereas the residues in the E loop 
in ECD1 are well resolved in the Ptch1-ShhN com- 


A 
Relative 
to ECD1 


plex, even the backbone of the corresponding 
segment is broken in the map for Ptch1 alone, 
which suggests that this segment is stabilized 
by ShhN (Fig. 3B). 

In addition to accommodating ShhN, the 
E loop covers a pocket on the interface of ECD1 
and ECD2. Unexpectedly, a stretch of density is 
observed in this elongated pocket in both EM 
reconstructions with or without ShhN (Fig. 3, C 
and D, and fig. S6D). In the EM map for the 
Ptch1-ShhN complex (3.6 A resolution), the den- 
sity sealed between ECD1 and ECD2 is better 
defined and has a size and shape consistent with 
a cholesteryl hemisuccinate (CHS) molecule. The 


Relative 
to ECD2 


CHS molecule is localized on the interface be- 
tween the upper helical domains of the two ECDs, 
where ECD1 provides the primary coordination. 
Nearly 20 hydrophobic residues on the E loop 
and helices «3, «6, and a7 from ECD1 form the 
contour of the pocket for CHS, whereas ECD2 
only engages two small hydrophobic residues, 
Val°”? and Ala®”’, on its helix «7 (Fig. 3D). 
Although CHS appears to be sealed within 
the ECDs, it was in the buffer used for protein 
extraction, suggesting dynamic access to this ex- 
tracellular steroid-binding site (ESBS). As the E 
loop and helix a3 on ECD1 are also the major 
constituents of the docking site for ShhN (Fig. 2B), 


Residues 
206-213 
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Fig. 3. The extracellular steroid-binding site (ESBS) is sealed upon ShhN 
binding. (A) The two ECDs of Ptch1 close up upon ShhN binding. The 
structural comparison of Ptchl in the absence (silver) and presence 
(domain-colored) of ShhN is made relative to ECD1 (left) and ECD2 (right). 
See Movie 1 for the morph illustrating the conformational changes of 

Ptchl upon ShhN association. (B) The E loop in ECD1 appears to be stabilized 
by ShhN. Shown here are the local EM maps, both contoured at 5, for the 
E loop in Ptch1 alone (left) and in the presence of SHAN (right). (©) A CHS-like 
density is embedded in the cavity enclosed by ECD1 and ECD2 in Ptchl. 
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Shown here is the density in the Ptchl-ShhN complex. For the corresponding 
density in Ptch1 alone, see fig. S6D. (D) ECD1 provides the primary 
accommodation site for the CHS molecule. Left: The contour and composition 
of the cavity define the orientation of the bound CHS. Shown here is a cut- 
open view of the electrostatic surface potential of Ptchl in the complex. CHS is 
shown as yellow spheres. Right: The E loop and helix «3 in ECD1 and helix 

a7 in ECD2 serve as the lid that shields the ligand. The residues that constitute 
the pocket are shown as sticks. Note that a cholesterol molecule can be 
accommodated in the hydrophobic pocket the same as CHS. 
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the different quality of the EM maps for this 
region with or without ShhN suggests that bind- 
ing of ShhN may restrict the motion of these 
gating elements, hence potentially limiting the 
access to or exit from the ESBS. 


Coordination of the steroidal moiety by 
the SSD 


A similar stretch of density is found in a surface 
cavity on the membrane-facing side of the SSD. 
Although the size and shape of the density are 
also consistent with a CHS, we cannot exclude 
the possibility that it may belong to an endoge- 
nous molecule or a digitonin (Fig. 4A). The hy- 
drophobic composition and the V shape of the 
SSD cavity define the orientation of the bound 
ligand. We modeled a CHS molecule into the 


density. A number of conserved hydrophobic 
residues on TMs 2 to 4 of the SSD shape the 
cavity that accommodates the cholesteryl moi- 
ety (Fig. 4A, insets, and fig. $9). 

Although the ligand seems to bind to a similar 
location as the computationally predicted dock- 
ing site on the SSD of NPC1 (45), the exact posi- 
tion and detailed coordination may be different. 
The SSDs exhibit considerable conformational 
divergence between Ptch1 and NPC (Fig. 4B). In 
both proteins, a well-characterized Pro residue 
(Pro™ in NPC1 and Pro®™ in Ptch1) maps to the 
bottom of the SSD pocket and directly partic- 
ipates in the ligand interaction (Fig. 4C and fig. 
SQA). The single point mutation Pro®! — Ser, 


which is a disease mutation associated with 
Niemann-Pick disease type C, was shown to elim- 


ras \ helix 2 


¢ 
f ~) > neck 
‘Ss 


Se 


inate the cross-linking of NPC1 with the com- 
pound U18666A, a steroid blocker for NPC1- 
mediated cholesterol egress (54). Ptch1-P504L 
(Pro®** — Leu) is associated with Gorlin syn- 
drome (55). Structural analysis of Ptch1 suggests 
that substitution of the Pro with a polar residue 
(Ser) or a bulky residue (Leu) may alter the chem- 
ical environment or change the contour of the 
pocket, hence making it less favorable for accom- 
modating a cholesteryl moiety (Fig. 4, A and C). 


The interaction between ShhN and 
Ptch1 is ligand-dependent 


To validate the structural observations and to 
investigate the functional relevance of the bound 
steroid ligands, we generated three Ptch1 var- 
iants with point mutations designed to disrupt 


Ptch1-SSD 
NPC1-SSD 


Fig. 4. Coordination of the cholesteryl moiety by the sterol-sensing 
domain (SSD). (A) The cavity on the membrane-facing side of SSD can 
accommodate a cholesterol-like molecule. The density is consistent with a CHS 
molecule, although the steroidal backbone of digitonin can fit in the density 
in a less favorable manner. Insets: Coordination of the cholesteryl moiety by 
SSD residues. Hydrophobic residues on TMs 2 to 4 of SSD constitute a 
V-shaped cavity, defining the orientation of the ligand should it be a cholesterol 
or cholesteryl derivative. Note that the hemisuccinate group of CHS is not 
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specifically coordinated. Therefore, the observed interactions would be 

the same for a cholesterol molecule. (B) Structural comparison of the TMDs 
of Ptchl and NPC1 (PDB code 5U74). TM2, TM11, and Neck helix 2 exhibit 
pronounced conformational changes between Ptchl and NPC1. (C) Confor- 
mational divergence of the SSD between Ptchl and NPC1. Ptch1-TM2 
moves toward TM3, resulting in a narrower SSD cavity relative to that in 
NPC1-SSD. Within the cavity, a conserved and functionally important Pro 
(Pro®! in NPC1, Pro®°4 in Ptch1) is mapped to the side wall. 
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steroid binding: Ptch1-L282Q (Leu?®? — Gln), 
where the hydrophobic residue within the ESBS 
is replaced by a polar one (Fig. 3D); Ptch1-T500F/ 
P504L (Thr°°? — Phe and Pro’* — Leu), in 
which the substitution with bulky residues may 
interfere with steroid binding to the SSD (Fig. 
4A, right inset); and Ptch1-3M (with all three of 
these point mutations). It is difficult to directly 
measure the affinities between steroid molecules 
and the Ptch1 variants because of the interference 
by the detergent micelles. We therefore sought to 
solve the structures of Ptch1 variants using pro- 
tocols identical to those for wild-type proteins. 

Because the Ptch1-ShhN complex exhibits bet- 
ter resolution, we had planned to solve the struc- 
ture of the complex. However, complex formation 
was markedly compromised between ShhN and 
all three Ptch1 variants. In particular, Ptch1-3M 
could be pulled down only minimally by MBP- 
ShhN (Fig. 5A). To semiquantitatively compare 
the affinity with ShhN between these variants and 
Ptch1-WT, we performed a concentration gra- 
dient titration of Ptch1 proteins (Fig. 5B). The af- 
finity for ShhN of the ESBS mutant L282Q and 
the SSD mutant T500F/P504L appeared to be 
weakened by factors of approximately 16 and 4, 
respectively, whereas that of Ptch1-3M was re- 
duced by more than a factor of 64. This obser- 
vation seems to suggest a synergistic effect on 
the interaction with ShhN by the two steroid- 
binding sites (Fig. 5B). 

To validate that the reduced ShhN binding 
was indeed related to steroid binding, we next 
examined the effect of CHS on complex forma- 
tion (Fig. 5C). Ptch1 purified with -dodecyl-f-p- 
maltopyranoside (DDM) barely interacted with 
ShhN, whereas addition of CHS restored com- 
plex formation (Fig. 5C, lanes 1 and 2). CHS was 
also required for ShhN binding when Ptch1 was 
purified with the detergents C,.Eg or Cymal-6, 
which have distinct polar and hydrophobic moi- 
eties (Fig. 5C, lanes 3 to 6). In contrast, digito- 
nin was sufficient to support complex formation 
(Fig. 5C, lane 7). 

Taken together, our biochemical analyses sug- 
gest that complex formation between ShhN and 
Ptchl may depend on the steroid ligand. To elu- 
cidate the molecular basis for this biochemical 
discovery, we focused on the structural determi- 
nation of Ptch1-3M. 


Pronounced conformational changes of 
Ptch1 upon steroid binding 


The protocol for purification and data collection 
of Ptch1-3M is identical to that of Ptch1-WT. The 
numbers of the initial (>3.3 million) and selected 
(154,721) particles for 3D map reconstruction were 
both higher than that for Ptch1-WT alone and in 
complex with ShhN (Table 1); however, the final 
resolution was 4.1 A for the overall structure of 
Ptch1-3M (figs. S4C, S5A, and S10A). As antici- 
pated, the densities corresponding to CHS in the 
ESBS and SSD diminished, confirming the dis- 
rupted steroid binding by these point mutations 
(Fig. 6A). 

Surprisingly, the overall structure of Ptch1-3M 
undergoes striking rearrangements from that of 
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Fig. 5. SSD and ESBS mutations lead to reduced ShhN binding. (A) Point mutations in SSD or 
ESBS that are designed to disrupt steroid binding lead to reduced ShhN affinity. 3M denotes the 
Ptchl variant containing L282Q, T500F, and P504L point mutations. (B) Concentration titration of 
Ptchl variants in the pull-down assay semiquantitatively reveals the distinct effect of SSD and ESBS 
mutations on ShhN binding. (©) The interaction between purified Ptchl and ShhN appears to be 
steroid-dependent. Ptch1 was purified in distinct detergents as indicated. CHS is required to retain 
the interaction when DDM, Cymal-6, or Cy2Eg was used for Ptch1 purification. Ptch1 purified in 
digitonin forms a complex with ShhN in the absence of CHS. 


the wild-type protein (Movie 2). When the two 
structures are overlaid relative to the SSD, both 
TMD1/2 and ECD1/2 undergo marked twists 
(Fig. 6B). Individual domain comparison shows 
minor interdomain shifts between the two ECDs 
(Fig. 6C and Movie 2). Within ECD1, the E loop, 
whose backbone exhibits broken density in Ptch1- 
WT alone (Fig. 3B), is invisible in Ptch1-3M, indi- 
cating increased flexibility in the absence of CHS 
(Fig. 6A). Meanwhile, helix a3 moves toward the 
pocket (Fig. 6C). The resolution of the ECDs in 
Ptch1-3M is also considerably lower than that in 
Ptch1-WT (fig. S10), suggesting increased overall 
mobility. Because ECD1 and ECD2 need to move 
closer to form the ShhN docking site (Fig. 3A), 
the increased flexibility of the ECDs, particularly 
of the E loop and helix «3, may account for the 
reduced binding affinity with ShhN when the 
ESBS is not occupied by a steroid ligand. 
Structural comparison of Ptch1-3M and Ptch1- 
WT affords an opportunity to investigate how 
the SSD senses sterol. Because none of the three 
residues Leu”®”, Thr®°, or Pro®™ is involved in 
intraprotein interaction, the structural shifts from 
Ptch1-3M (steroid-free) to Ptch1-WT (steroid-bound) 
may be interpreted as the conformational changes 
induced by arrival of the steroid ligand. 
Binding of the steroid molecule to the SSD 
causes Neck helix 2, TM2, and TM¢4 to tilt toward 
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the ligand (Fig. 6, D and E, and Movie 2). Such 
conformational shifts are similar to those ob- 
served in the structural comparison between 
ligand-free NPCI and Ptch1-WT (Fig. 4, B and C). 
However, the pronounced relative rotation of the 
two TMDs around an axis that is perpendicular 
to their interface is unexpected (Fig. 6D, left, and 
Movie 2). Detailed structural comparison of Ptch1- 
3M and Ptch1-WT reveals the interdomain inter- 
actions that underlie the coupled conformational 
changes of TMD1/2 and ECD1/2 (Fig. 6, B and D, 
and Movie 3). 

The short linker between TM5 and TM6 shifts 
concertedly with TM4 upon steroid binding (Fig. 
6E) and pulls along linker 1 and helix a1 in ECD1. 
The motion of helix 1 induces the domainwise 
motion of ECD2 (Fig. 6C and Movie 3). The two 
base domains and the short linker between TM11 
and TM12 move concomitantly with Neck helix 2 
through extensive interactions (Movie 3). 

The coupled movements of the four domains, 
TMD1/2 and ECD1/2, predict that mutations in 
one domain may alter an event in another do- 
main through allosteric action. Supporting this 
notion, lack of steroid binding to SSD may result 
in increased flexibility of the two ECDs, hence 
leading to reduced ShhN binding (Fig. 5, A and 
B). In addition, Ptch1 variants containing a single 
point mutation—G509V (Gly*”? > Val) or D513Y 
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Fig. 6. Marked conformational changes of Ptch1 upon CHS binding. 
(A) Comparison of the EM maps of Ptch1-WT (silver) and Ptch1-3M 
(domain-colored). Both EM maps are low-pass filtered to 4.1 A. The densities 
corresponding to the ligands in ESBS and SSD largely disappeared in the 

EM map of Ptch1-3M. Insets: The densities for CHS in ESBS (upper) and SSD 
(lower) are shown as semi-transparent contour in the low-pass filtered map 
of Ptch1-WT (left panels). Only shattered density debris remains at the 
corresponding positions in the map of Ptchl-3M (right panels). The E loop in 
ECD1 is no longer visible in Ptch1-3M. (B) Pronounced structural changes 
between Ptch1-WT (silver) and Ptch1-3M (domain-colored). The structural 
superimposition is made relative to SSD. See Movie 2 for the morph illustrating 
the overall conformational changes between the two structures. (©) ECDs 
undergo minor interdomain shifts between Ptchl-WT and Ptch1-3M. The two 
structures are superimposed relative to ECD1. The E-loop (residues 207 to 214) 
is invisible and helix 3 inclines toward the ESBS pocket. (D) Structural 
changes of Ptchl-TMD upon CHS binding. An extracellular view and a tilted 
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side view are shown. The orange arrows indicate the shifts of the 
corresponding segments from Ptch1-3M to Ptchl-WT when the structural 
superimposition is made relative to SSD. The interactions that may be 
responsible for the coupled motions of different domains are highlighted by 
semitransparent pink patches. See Movie 3 for the morph illustrating the 
concerted movements of TMD1/2 and ECD1/2. (E) Structural changes of 
each SSD segment upon CHS binding. TM4, which moves toward the ligand, 
harbors the GxxxDD motif. (F) The acidic residues that are important for 
cotransport activity of RND members are conserved in Ptchl. Left: Sequence 
alignment of TM4 and TM10 from the indicated human SSD-containing 
proteins. The conserved and functionally crucial Pro in TM4 is highlighted 

by magenta box. The GxxxDD motif on TM4 and the Gxxx(E/D) motif on TM10, 
whose corresponding residues are essential for ion flux in the bacterial RND 
family, are highlighted by red boxes. Right: The conserved acidic residues 

on TM4/10 of Ptch1 are clustered in the center of the interface between TMD1 
and TMD2. Shown here is an extracellular view of the Ptchl-TMD. 
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(Asp?!? — Tyr), both of which are severe on- 
cogenic mutations associated with Gorlin syn- 
drome (56-58)—also exhibited reduced ShhN 
binding (Fig. 5A, lanes 5 and 6). Gly”? and Asp” 
are localized in the middle segment of TM4 and 
mapped to the interface with TMD2 (Fig. 6F). 
As TM4 provides the primary site for steroid 
binding to SSD, these point mutations on the 
TMD2-facing side of TM4 may trap Ptch1 in a 
conformation that is incompatible for steroid 
binding to its SSD. 


Discussion 
Structural implications for steroid 
perception by SSD 


SSD-containing proteins are associated with 
cholesterol metabolism and transport (43). For 
instance, SCAP is a key player in the sterol reg- 
ulatory element-binding protein (SREBP) path- 
way that controls the cellular homeostasis of 


Movie 2. Conformational changes of Ptch1 
upon CHS binding. The structures of Ptch1-3M 
and Ptchl1-WT represent the starting and end 
frames. The procedure for morph generation 
was the same as for Movie 1. 


Movie 3. The coupled motions of distinct 
domains in Ptch1 upon CHS binding. The 
morph is the same as in Movie 2. The zoomed-in 
views highlight the interactions that may 
underlie the concerted motions of TMD1/2 and 
EMD1/2 upon CHS binding. 
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sterol (59), HMGCR catalyzes the rate-limiting 
step of cholesterol synthesis (60), and NPC1 is 
essential for cholesterol egress from the lysosomes 
and late endosomes to other cellular compart- 
ments (67). However, direct evidence for sterol 
binding by the SSD has been missing. We find 
that Ptch1 possesses two sites that can accom- 
modate steroid molecules, one within the ECDs 
and the other on the SSD. 

Structural comparison of the ligand-free Ptch1- 
3M and CHS-bound Ptch1-WT reveals the con- 
formational changes of the SSD as well as the 
overall structure upon CHS binding (Fig. 6). Also 
considering the structural differences of the 
SSDs between the ligand-free NPC1 and CHS- 
bound Ptchi (Fig. 4C), the CHS-induced con- 
formational changes observed here may represent 


a paradigm that SSD-containing proteins use for 
sterol perception. 


Potential cross-talk between the ESBS 
and SSD 


Although the steroid binding to the SSD was 
anticipated, the extracellular steroid-binding site 
in Ptch1 and the steroid-dependent binding be- 
tween Ptch1 and ShhN were not. An immediate 
question concerns the source of this trapped 
steroid. Because of its highly hydrophobic nature, 
a free cholesterol would be unlikely to diffuse 
into this site directly from the aqueous milieu, 
unless it is a cholesterol derivative with increased 
water solubility. There are then three possible 
sources for a hydrophobic steroid molecule: (i) It 
may be delivered by a NPC2-like lipid transfer 


Fig. 7. Functional implications of the structures. (A) The relative positions of the two CHS 
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molecules with respect to the N and C termini of SAhN in the complex. (B) The relative positions of 
the two steroid-binding sites on Ptchl. Right: ECD1 and ECD2 enclose a tunnel that can access to 
both ESBS and SSD. The tunnel is calculated by HOLE (82). (C) Summary of the structures reported 
in this study. Cartoons highlight the differences in the structures of Ptch1-3M (left), Ptch1-WT alone 
(center), and Ptchl-ShhN complex (right). The gray double-headed arrows indicate the structural 
flexibility of the ECDs. The same views of a CHS (gray) and a cholesterol (black) are shown to 
indicate their identical backbone. The physiologically relevant cholesterol is shown in the structural 
model. See text for discussion of functional implications of the structures. 
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protein, (ii) it may come from a steroidal moiety 
on a posttranslationally modified protein, or 
(iii) it may be extracted from the membrane and 
transferred to the ESBS by Ptch1 itself. 

Although option 1 is formally possible, there 
has been no report on extracellular lipid-transfer 
proteins for Ptch1. With respect to option 2, the 
C-terminal Gly'®’ of ShhN is modified by a cho- 
lesteryl moiety, which can be a potential source. 
However, the last visible residue on the C ter- 
minus of ShhN is Ser’°, and a seven-residue 
peptide, even in a completely extended confor- 
mation, is not long enough to deliver the cho- 
lesteryl moiety to the ESBS in cis (Fig. 7A). In 
addition, in the structure of Ptchl alone, the 
ESBS may allow a peptide to be connected to 
the steroid ligand; however, the sealed ESBS 
can hardly accommodate such a peptide in the 
Ptch1-ShhN complex (Fig. 7A). Therefore, we do 
not favor possibility 2. 

Ptch1 has been speculated to be a transporter 
given its structural similarity with the RND 
pumps (9). A recent study discovered that Ptch1- 
mediated inhibition of Smo depends on extra- 
cellular Na* (62). Furthermore, the GxxxD(D) 
motif on TM4 and similar Gxxx(E/D) motif on 
TM10, which are required for the cotransport 
activity of the bacterial RND transporters, are 
conserved in Ptchi (Fig. 6, E and F) (9, 63). Con- 
sistent with steroid transport, ECD1 and ECD2 
of Ptch1 encompass a tunnel that connects the 
ESBS and SSD in the absence of ShhN (Fig. 7B). 
It remains to be investigated whether a steroid 
molecule can be transferred between these two 
sites, and if so, whether this tunnel provides the 
diffusion path (Fig. 7C). 


Structural implications for Hh signaling 


Despite decades of rigorous characterization, the 
molecular mechanism for the inhibition of Smo 
by Ptch1 and the release of the inhibition by 
ShhN remains enigmatic. There are several out- 
standing questions. For instance, if Ptch1 func- 
tions as a sterol transporter, the transport activity 
is yet to be established. In addition, the abun- 
dance of cholesterol or its derivatives in primary 
cilia where Ptch1 inhibits Smo is unclear (64). 
Despite these and other outstanding questions, 
the three structures presented here reveal that 
Ptch1 undergoes steroid-induced conformational 
changes while binding of ShhN locks Ptch1 in 
one conformation (Fig. 7C). These findings lead 
us to speculate that the steroid-dependent struc- 
tural shifts of Ptch1 may be required for its sup- 
pression of Smo, and that ShhN may inhibit 
Ptch1 by blocking this conformational change. 

Many fundamental questions remain with 
regard to the function and mechanism of Ptch1 
and ShhN. For instance, the unpalmitoylated 
ShhN used in this study is less active than the 
palmitoylated form in a cell-based assay by a 
factor of 30 to 40, although it retains high af- 
finity with Ptch1 (26, 65). What is more intri- 
guing, a palmitoylated N-terminal 22-residue 
peptide was recently shown to activate Hh sig- 
naling in a cell-based assay (66), which cannot be 
explained by the three structures. Palmitoylate 
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may interfere with the conformational changes 
or steroid-binding ability of Ptch1. Another ques- 
tion concerns the endogenous ligand or substrate 
for Ptchl. The composition and contour of the 
ESBS and the SSD cavity both allow accommo- 
dation of cholesterol with orientations similar 
to that of the CHS in the structure (Fig. 7A). 
Cholesterol derivatives with small-size modifi- 
cations at C3-OH may also be compatible. The 
endogenous ligand(s) for Ptch1 may also act as 
agonists or antagonists for Smo. The structures 
reported here provide the basis for docking or 
simulation analysis that may facilitate the iden- 
tification of such ligands. Finally, the structures 
of Ptch1 and ShhN presented here are both of 
monomers. The functional relevance of their 
oligomeric form remains unclear. 

Despite these questions, the structures of 
human Ptch1 and its complex with ShhN set an 
important framework for future investigation 
of Hh signaling initiation and provide insight 
into the functional mechanism of SSD-containing 
proteins. 


Materials and methods 
Protein expression and purification 


The complementary DNA of human Ptch1 (Uniprot: 
Q13635; residues 1 to 1305) was subcloned into 
the pCAG vector with an N-terminal FLAG tag 
and a C-terminal His,) tag. The Ptch1 mutants 
were generated with a standard 2-step PCR-based 
strategy. When the HEK293F cell density reached 
2.0 x 10° cells per ml, the cells were transiently 
transfected with the expression plasmids and 
polyethylenimines (PEIs) (Polysciences). Approx- 
imately 1 mg of plasmids were premixed with 
3 mg of PEIs in 50 ml of fresh medium for 15 to 
30 min before application. For transfection, 50 ml 
of mixture was added to 1 liter of cell culture and 
incubated for 30 min. Transfected cells were cul- 
tured for 48 hours before harvest. For purifica- 
tion of WT Ptchl and its variants, the HEK293F 
cells were collected and resuspended in the buf- 
fer containing 25 mM Tris pH 8.0, 150 mM NaCl, 
and protease inhibitor cocktails (Amresco). After 
sonication on ice, the membrane fraction was 
solubilized at 4°C for 2 hours with 1% (w/v) DDM 
(Anatrace) and 0.2% CHS (Anatrace). For bio- 
chemical assays reported in Fig. 5C, the protein 
was extracted using 1% (w/v) indicated deter- 
gents in the absence or presence of 0.2% CHS. 
After centrifugation at 20,000g for 1 hour, the 
supernatant was collected and applied to anti- 
Flag M2 affinity resin (Sigma). The resin was 
rinsed with wash buffer (W1 buffer) containing 
25 mM Tris pH 8.0, 150 mM NaCl, 0.06% digit- 
onin (w/v) (Sigma) or two critical micelle con- 
centrations (CMC) of the other detergents with/ 
without CHS as indicated in Fig. 5C, and pro- 
tease inhibitors. The protein was eluted with W1 
buffer plus FLAG peptide (200 pg/ml). The eluent 
was then applied to the nickel affinity resin 
(Ni-NTA, Qiagen). After three times of rinsing 
with W1 buffer plus 20 mM imidazole, the pro- 
tein was eluted from the nickel resin with W1 
buffer plus 250 mM imidazole. The eluent was 
then concentrated and further purified by SEC 
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(Superose 6 10/300 GL, GE Healthcare) in buf- 
fer containing 25 mM Tris pH 8.0, 150 mM NaCl, 
and 0.06% digitonin or two CMC of the other 
detergents with/without CHS as indicated in 
Fig. 5C. Ptch1 proteins were eluted in two peaks, 
which were separately pooled and concentrated 
for EM and biochemical analysis. The later peak 
corresponding to monomer was pooled and con- 
centrated to ~15 mg/ml for cryo sample prepara- 
tion. The former peak corresponding to oligomer 
was used for the pull-down assay for different 
detergents as shown in Fig. 5C, whereas the lat- 
ter peak was used for all the other pull-down 
assays. 

The complementary DNA of human Shh (Uniprot: 
Q15465) N-terminal domain (ShhN, residues 24 
to 197) was subcloned into the pET15 vector with 
N-terminal His, or MBP tags. The ShhN mutants 
were generated with a standard PCR-based strat- 
egy. The expression plasmids were transformed 
into E. coli BL21 (DE3) strain and protein over- 
expression was induced by 0.2 mM isopropyl 
B-p-thiogalactoside at an OD¢oonm Of 1.0. After 
growing at 20°C for 16 hours, the cells were 
collected and homogenized in buffer containing 
25 mM Tris pH 8.0 and 150 mM NaCl. After soni- 
cation and centrifugation, the supernatant was 
applied to Ni-NTA affinity resin or amylose resin 
(New England Biolabs) and further purified by 
ion-exchange chromatography (Source 15S, GE 
Healthcare) and SEC (Superdex 200 10/300 GL, 
GE Healthcare). The peak fractions were pooled 
and concentrated for structural and biochemical 
analysis. 

The Ptch1-ShhN complex was reconstituted by 
incubating the purified and concentrated Ptch1 
and ShhN at a mass ratio of approximately 2:1 at 
4°C for 1.5 hours before cryo-sample preparation. 


Cryo-EM sample preparation and 
data collection 


The cryo grids were prepared using Thermo 
Fisher Vitrobot Mark IV. The Quantifoil R1.2/ 
1.3 Cu grids were glow-discharged with air for 
30 s at medium level in Plasma Cleaner (Harrick 
Plasma, PDC-32G-2). Aliquots of 3.5 ul of purified 
Ptch1-WT, Ptch1-3M, or Ptch1-ShhN complex 
were applied to glow-discharged grids. After 
being blotted with filter paper for 4.0 s, the grids 
were plunged into liquid ethane cooled with 
liquid nitrogen. A total of 3983 micrograph 
stacks for Ptch1-WT, 6680 micrograph stacks 
for Ptch1-3M, and 4221 micrograph stacks for 
Ptch1-ShhN complex were automatically col- 
lected with AutoEMation II (67, 68) on Titan 
Krios at 300 kV equipped with K2 Summit direct 
electron detector (Gatan), Quantum energy filter 
(Gatan), Cs corrector (Thermo Fisher), and Volta 
phase plate (Thermo Fisher) at a nominal mag- 
nification of 105,000 with a fixed defocus value 
of -0.7 um. Each stack was exposed in super- 
resolution mode for 5.6 s with an exposing time 
of 0.175 s per frame, resulting in 32 frames per 
stack. The total dose rate was about 50 e/A? 
for each stack. The stacks were first motion- 
corrected with MotionCorr (69) and binned 
2-fold, resulting in a pixel size of 1.091 A/pixel. 
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The output stacks from MotionCorr were further 
motion-corrected with MotionCor2 (70); mean- 
while, dose weighting was performed (77). The 
defocus values were estimated with Gctf (72). 


Cryo-EM data processing 


For the Ptch1-WT dataset, a total of 1,710,446 par- 
ticles were automatically picked with RELION 
2.0 (73). After 2D classification, a 3D initial model 
was built from typical 2D class averages with 
e2initialmodel.py (74). A total of 736,934 par- 
ticles were selected from 2D classification and 
subjected to a global angular search 3D classifi- 
cation with one class and 40 iterations. The out- 
puts of the 33rd to 40th iterations were subjected 
to local angular search 3D classification with four 
classes separately. A total of 516,223 particles were 
selected by combining the good classes of the local 
angular search 3D classification, yielding a 3D 
reconstruction with an overall resolution of 6.1A 
after 3D auto-refinement. The handedness of the 
3D reconstruction was checked and corrected. 
Then 156,723 particles were selected after 3D 
classification against one good reference and 
four bad references, giving rise to improved reso- 
lution at 4.4 A after 3D auto-refinement. Finally, 
a subset of 94,445 particles were further selected 
by “skip alignment” 3D classification with an 
adapted mask, yielding overall resolution of 3.9 A 
after 3D auto-refinement. The procedure for data 
processing of the Ptch1-3M was the same as that 
for Ptch1-WT. Eventually a subset of 154,721 par- 
ticles was selected to generate a 3D reconstruc- 
tion with overall resolution of 4.1 A. 

The procedure for data processing of the 
Ptch1-ShhN complex was similar with that for 
Ptchi alone. To be brief, 1,518,460 particles were 
automatically picked. 2D classification resulted 
in 716,512 good particles that were subjected to 
subsequent global angular search 3D classifica- 
tion and local angular search 3D classification. 
After combining the good classes, 435,942 par- 
ticles yielded a 3D reconstruction with overall 
resolution of 5.6 A. After 3D classification against 
one good reference and four bad references, 
137,823 particles were selected and gave rise to 
a 3D reconstruction of 4.4 A resolution, which 
was further improved to 3.6 A by applying an 
adapted mask during 3D auto-refinement. 

All 2D classification, 3D classification, and 3D 
auto-refinement were performed with RELION 
2.0. Resolutions were estimated with the gold- 
standard Fourier shell correlation 0.143 criterion 
(75) with high-resolution noise substitution (76). 


Model building and refinement 


The Ptch1-ShhN complex map at 3.6 A was used 
for de novo model building of Ptch1. A poly-Ala 
model was derived using the NPC1 structure as 
the initial model (PDB code 3JD8) in COOT (77). 
Sequence assignment was guided mainly by bulky 
residues such as Phe, Tyr, Trp, and Arg. The 
chemical properties of amino acids were taken 
into consideration to facilitate model build- 
ing. The glycosylation sites predicted in UniProt 
were used for model validation. One or two 
N-acetylglucosamine moieties were built to each 
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site based on the densities. The crystal structure 
of ShhN (PDB code 4C4M) was docked into the 
map for Ptch1-ShhN complex and adjusted man- 
ually in COOT. For the Ptch1-WT and Ptch1-3M, 
the structural model of Ptch1 from the complex 
was fitted into the corresponding maps followed 
by manual adjustment. 

All structure refinements were carried out by 
PHENIX (78) in real space with secondary struc- 
ture and geometry restraints. Overfitting of the 
models was monitored by refining the model 
against one of the two independent half-maps 
and testing the refined model against the other 
map (79). 


MBP-mediated pull-down assay 


For pull-down assays, the Ptch1 and MBP-ShhN, 
WT or indicated variants, were incubated with 
amylose resin resuspended in 200 ul of buffer 
containing 25 mM Tris pH 8.0, 150 mM NaCl, 
and 0.06% digitonin or the indicated detergents 
at concentration of their respective 2x CMC at 
4°C for ~1 hour. Then the mixture was spun 
down at 500g for 3 min. After removing the su- 
pernatant, the resin was extensively rinsed with 
the assay buffer to remove unbound proteins. 
Finally the resin was resuspended in 200 ul of buf- 
fer, out of which 20 ul was applied to SDS-PAGE 
analysis followed by Coomassie blue staining. 

In the assay reported in Fig. 3C, all the indi- 
cated Ptchl and MBP-ShhN variants were ap- 
plied at concentrations of ~0.15 mg/ml. In the 
titration pull-down assay reported in Fig. 5B, 
ShhN was used at ~0.15 mg/ml, while Ptch1 was 
serially diluted fourfold at concentrations of ~0.60, 
~0.15, ~0.04, and ~0.01 mg/ml, respectively. In 
the assay to test the effects of different detergents 
on the complex formation, the molar ratio of the 
two proteins was approximately 1:1 with Ptch1 
and MBP-ShhN at concentrations of ~0.15 and 
0.08 mg/ml, respectively. 
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synthesis and MALDI-TOF MS 


Shishi Lin, Sergei Dikler, William D. Blincoe, Ronald D. Ferguson, 
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Heather Wang, Tim Cernak, Ian W. Davies, Daniel A. DiRocco, Huaming Sheng*, 
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INTRODUCTION: The invention of new chem- 
ical reactions provides new bond construction 
strategies for improved access to diverse regions 
of structural space. However, a pervasive, long- 
standing bias toward reporting successful 
results means that the shortcomings of even 
mature reaction methods remain poorly de- 
fined, making practical syntheses of structur- 
ally diverse targets far from certain. Distinct 
tools and experimental approaches are re- 
quired to expose and record the problematic 
structural elements that limit different synthetic 
methods. The experimental space required to 
systematically survey reaction failure is vast, 
and existing ultrahigh-throughput (uHT) re- 
action screening approaches are inadequate for 
exploring the diversity of conditions pertaining 
in modern synthetic methods. Additionally, 
analytical approaches must continuously im- 


F \ Cu Catalysis 
oe N K;PO,, 
FOUN DMSO, 
a 100°C, 20h 
simple 
to complex Pd Catalysis 
aryl Cs,CO,, 
N bromides Dioxane, 
80°C, 20h 
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Nz Br Br 


prove to meet the throughput demands of this 
expansive reaction screening. 


RATIONALE: We report a nanomole-scale 
screening protocol that can be used to execute 
heterogeneous reactions with heating and 
agitation, use of volatile solvents, and capacity 
for photoredox chemistry. These advances in 
miniaturized chemistry screening were com- 
bined with the use of matrix-assisted laser 
desorption/ionization-time-of-flight mass spec- 
trometry (MALDI-TOF MS), enabling analysis 
of 1536 reactions in ~10 min. Together, these 
advances create a platform that can enable sys- 
tematic reaction evaluation and data capture to 
survey the dark space of chemical reactions. 


RESULTS: Using the Buchwald-Hartwig C-N 
coupling reaction to exemplify this process, an 
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(photoredox) Rapid, systematic 
DABCO, DMSO, classification 
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= 


Extended nanomole chemistry and MALDI-TOF MS for systematic reaction profiling. 


Nanomole-scale chemistry tools that can execute a wide variety of synthetic protocols are combined 
with rapid MALDI-TOF MS analysis to enable broad reaction profiling to map the dark space of 
chemical reactivity. DMSO, dimethyl! sulfoxide; DABCO, 1,4-diazabicyclo[2.2.2 octane. 
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uHT Glorius fragment additive poisons diag- 
nostic approach was first applied to demon- 
strate that MALDI-MS could provide adequate 
data quality to monitor the formation of a 
single product under a wide variety of different 
synthetic conditions. Four catalytic methods— 
Ir/Ni and Ru/Ni dual-metal photoredox catalysis, 
as well as heterogeneous and high-temperature 
Cu and Pd catalysis—with extended nanomole 
chemistry requirements were evaluated for the 
synthesis of a single product in the presence of 
383 structurally diverse simple and complex 
potential poisons. Using a normalizing internal 
standard that was closely 
related to the product and 
Read the full article optimized operating pa- 
at http://dx.doi. rameters, MALDI-MS pro- 
org/10.1126/ vided good correlation 
science.aar6236 with existing ultra per- 
formance liquid chroma- 
tography (UPLC)-MS approaches (coefficient 
of determination R? up to 0.85), allowing cor- 
rect binning of “hits” and “misses” (defined as 
>50% product signal knockdown) up to 95% 
of the time. Next, the more challenging goal 
of exploring diverse whole-molecule C-N cou- 
plings was explored. In this case, it was not prac- 
tical to have either product standards or closely 
related internal standards to enable analytical 
quantitation. A “simplest-partner test” was em- 
ployed, in which 192 aryl bromides and 192 
secondary amines were each coupled with a 
MS-active “simplest partner,” guaranteeing a 
somewhat normalized MS response for all pro- 
ducts. The formation of 384 different products 
using the four aforementioned synthetic meth- 
ods was monitored by MALDI-MS, with pass- 
fail binning of results correlating well with 
UPLC-MS in the identification of common 
structural elements (such as functional group 
counts, H-bond donors and acceptors, and polar 
surface area) that lead to reaction failure. 


CONCLUSION: In the near future, each prob- 
lematic structural element that is identified 
through systematic dark-space exploration can 
be promoted for in-depth examination to pre- 
cisely define the specific parameters that deter- 
mine reaction outcome at the atomic and 
quantum molecular level. Predictive machine 
learning models will use this focused data to 
enable synthetic practitioners to select the most 
appropriate reactions for use in a particular 
synthetic setting. In addition, functionality that 
persistently fails across synthetic methods can 
sharply define important challenges for the in- 
vention of improved chemical reactions. 
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Understanding the practical limitations of chemical reactions is critically important for 
efficiently planning the synthesis of compounds in pharmaceutical, agrochemical, and 
specialty chemical research and development. However, literature reports of the scope of 
new reactions are often cursory and biased toward successful results, severely limiting 
the ability to predict reaction outcomes for untested substrates. We herein illustrate 
strategies for carrying out large-scale surveys of chemical reactivity by using a material- 
sparing nanomole-scale automated synthesis platform with greatly expanded synthetic 
scope combined with ultrahigh-throughput matrix-assisted laser desorption/ionization— 
time-of-flight mass spectrometry (MALDI-TOF MS). 


he field of synthetic organic chemistry has 

spawned a vast array of creative reactions 

that can be logically combined to prepare 

nearly any molecule. However, efficient se- 

lection of the precise reaction sequence that 
leads to a particular product remains a challenge, 
as poorly understood substrate-specific inter- 
actions often necessitate laborious screening of 
combinations of catalysts, reagents, and condi- 
tions. High-throughput experimentation (HTE) 
chemistry facilitates these investigations by in- 
creasing the pace of problem-solving (J-7), and 
an emerging strategy uses machine learning (ML) 
data generated with these screening tools to create 
predictive models for specific problems (8, 9). 
Data mining surveys of existing published or 
proprietary databases containing information 
on hundreds of millions of reactions have been 
somewhat encouraging (J0-J4), but a pervasive, 
long-standing bias toward reporting successful 
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results limits the utility of this information for 
model building. Additionally, these data have not 
been collected under controlled experimental 
conditions, and most of the substrates are not 
representative of the complexity that arises in 
applied synthetic problems. Hence, no existing 
large, structured datasets meet all of the require- 
ments for effective reaction modeling. Con- 
sequently, intentional surveys are required to 
systematically map reactivity patterns, with the 
rapid identification of inaccessible regions, the 
dark space of chemical reactivity, being partic- 
ularly important for focusing subsequent ML 
investigations. 

Chemical reactivity space is vast, even for a 
single synthetic transformation, with permuta- 
tions of possible substrate structures, catalysts, 
and reaction conditions soon proliferating into 
unmanageable experimental complexity. Large- 
scale reactivity surveys have thus far been lim- 
ited by the throughput of reaction screening and 
analysis technologies. Additionally, the scarcity 
and high cost of relevant complex substrates re- 
quires that screening be carried out on as small 
a scale as possible. Existing miniaturized HTE 
chemistry tools have worked only under a narrow 
range of conditions and have thus far not been 
applicable to the vast majority of high-quality 
synthetic protocols. In this work, we describe how 
engineering advances in automated, miniaturized 
reaction experimentation and the use of fast 
matrix-assisted laser desorption/ionization mass 
spectrometry (MALDI-MS) for routine reaction 
analysis affords an opportunity to rapidly survey 
the chemical reactivity landscape. We demon- 
strate how these advances can be used to sys- 
tematically reveal diverse sources of reaction 


failure within large substrate sets, information 
that is largely missing from current chemistry 
data sources, representing a notable advance 
toward broadly effective reaction profiling. 


Extending nanomole synthesis for 
systematic reaction profiling 


Our interest in reaction profiling has grown from 
an internal effort termed the C-N Coupling Ini- 
tiative, which aims to systematically build tools 
to completely understand and leverage a given 
synthetic transformation. A recent examination 
of our electronic notebooks (ELNs) shows C-N 
coupling to be a hit-or-miss affair (~10,000 ex- 
amples, ~35% failure rate) that, despite its po- 
tential to render druglike molecules, may be 
underused because of its higher demand for op- 
timization than, for example, the Suzuki reaction 
(~50,000 example, 18% failure). Attempts to use 
this ELN dataset for creating predictive models 
have been disappointing, as the data are frac- 
tured, with many different classes of amines that 
would be expected to have different reactivity 
patterns (primary, secondary, NH-heterocyclic, 
amides, sulfonamides) while also containing deep 
channels of project-driven substrate similarity 
in the aryl halide coupling partners. Additionally, 
these data are collected under a wide array of 
synthetic protocols, with specific conditions sel- 
dom being repeated. Given this lack of a suit- 
able dataset, a real and urgent goal of applied 
research is to increase the understanding of C-N 
coupling reactions by building an experimental 
process suitable for fast reaction mapping. Clearly, 
this systematic reaction profiling capability will 
also be of general value for surveying other re- 
action types where available knowledge is scarce. 

Failure in metal-catalyzed reactions can re- 
sult from a variety of causes, including inhibition 
of catalysts due to substrate binding, competitive 
side reactions, local steric and electronic inter- 
actions, and substrate decomposition caused by 
harsh reaction conditions. In addition, small per- 
turbations in molecular structure may result in 
changes in reactivity, especially for complex sub- 
strates. We perceived that mapping reaction 
failure arising from this diverse patchwork of 
mechanisms would require a large collection 
of structurally diverse analogs as well as a 
tremendous number of experiments. Emerging 
nanomole-scale tools have the material-sparing 
miniaturized scale and ultrahigh-throughput 
(uHT) required for broad profiling; however, 
existing experimental strategies involve sim- 
plified engineering and are inadequate for ex- 
amining most high-quality synthetic protocols. 
The first-generation nanomole synthesis platform 
that we developed (J) was limited to plastic- 
compatible, homogenous, ambient temperature 
reactions in low-volatility polar, aprotic solvents, 
encompassing only a small subset of organic 
transformations. The recent work by Perera et al. 
(2) extends nanomole synthesis capabilities in a 
flow chemistry format, allowing heating and the 
use of diverse solvents; however, this format 
also requires that reactions remain homogeneous, 
necessitating the use of very high dilution and 
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limiting study to extremely fast kinetics that 
can keep up with serial high-performance liquid 
chromatography (HPLC) analysis. Rather than 
accepting such constraints, we systematically 
engineered and validated new plate-based nano- 
mole synthesis tools with a general ability to 
carry out a wide variety of typical synthetic re- 
actions. We identified effective chemically com- 
patible glass microplate reactors, performed fast 
384-tip dosing of reagent solutions in volatile 
solvents, and designed aluminum sealing blocks 
that can retain volatile solvents on heating. In 
addition, we used LabRam resonant acoustic 
mixing to both agitate reactions and create milky 
slurries of solid inorganic bases that can be 
added to reactions by parallel liquid handling. 
Finally, we created a nanomole-scale photo- 
chemistry tool to enable reaction evaluation in 
the rapidly growing field of photoredox catalysis. 
We describe the use of these tools in reaction 


A Fragment additive C-N coupling profiling: 
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profiling experiments below, but they are ex- 
pected to benefit extensions to nanoscale chem- 
ical and biological evaluation as well (75). 


MALDI-TOF MS reaction analysis 


Owing to the sheer number of experiments 
necessary, surveying chemical reactivity can be 
limited by the rate of analytical measurement. 
Despite considerable recent progress, HPLC-MS 
assays typically used for such screening are con- 
strained by the fastest speed with which samples 
can be mechanically taken up and injected (~10 s 
per sample) (16). Spectroscopic techniques can 
be faster but often lack the resolving power 
needed to study a diverse collection of molecules. 
High-throughput mass spectrometry provides 
excellent mass-to-charge ratio separation of in- 
dividual products (17-20), and MALDI-MS has 
been intensively optimized in recent years for 
rapid and robust molecule-specific MS imaging 


Cu: DiF oxamate ligand (50%), Cul (25%), Ks3PO,, DMSO, 100°C, 20h 

Pd: RuPhos G2 precatalyst (10%), Dioxane, CszCOs, 80°C, 20h 

Ir/Ni (photoredox): Ir(dFCF-ppy.)(dtbbpy)(PF.) (0.05%), NiCl, glyme (5%), DABCO, DMSO, 55°C, blue light, 20h 
Ru/Ni (photoredox): Ru(bpy)3(PFs)2 (0.1%), NiCl, glyme (5%), DABCO, DMSO, 55°C, blue light, 20h 
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Fig. 1. uHT MALDI-MS approach to screening potential reaction poisons. (A) 1536 reactions were 
run with four leading C—N coupling methods to evaluate the impact of 383 single and polyfunctional 
fragments on one simple coupling reaction, requiring 11 min of MALDI acquisition time. Ph, phenyl; 
DIF, difluoro; RuPhos, 2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl; ppy, 2-pheny! pyridinyl; 
dtbbpy, di-tert-buty! di-pyridyl; DABCO, 1,4-diazabicyclo[2.2.2]octane; bpy, bipyridinyl. (B) Raw MALDI 
product response is not well correlated with UPLC-MS or UPLC-UV measures, but normalization 
using an internal standard reveals very good correlation. (C) Ranked, normalized MALD! product 
response data with corresponding UPLC-MS (EIC) data below for comparison. 
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of biological tissue slices. The new generation of 
MALDI-time-of-flight (TOF) instruments equipped 
with a 10-kHz scanning beam laser, substantially 
faster X,Y stage, and faster plate loading-unloading 
cycle substantially improves sample throughput to 
hundreds of thousands of measurements per day. 
We were therefore intrigued by the possibility 
of applying this fast-analysis approach (several 
samples per second) to high-throughput reaction 
screening (HTS). Although MALDI is commonly 
used for high-throughput analysis, applications 
are typically limited to either quantitative bio- 
chemical assays that feature a single substrate or 
product within each well (27-28) or chemistry 
discovery using an MS-active tag or special MALDI 
plate to ensure MS detection of all labeled pro- 
ducts (29-31). Neither of these approaches en- 
abled the rapid, label-free analysis of a diverse 
collection of products that we required. 

Direct MS analysis of small molecules can 
be vulnerable to interference from reaction com- 
ponents that would typically be removed by 
chromatography. To analyze samples by MALDI- 
TOF MS, we found a suitable ionization matrix, 
and instrument settings afforded excellent per- 
formance for diverse pharmaceutically relevant 
products, with the addition of an ionizing in- 
ternal standard helping to normalize the effects 
of different reaction conditions on product ion- 
ization and MALDI spot formation. Screening 
and optimization of MALDI ionization matrices 
were carried out using a library of druglike in- 
former compounds (32), leading to the identi- 
fication of a-cyano-4-hydroxycinnamic acid (CHCA) 
as a generally preferred matrix [4 mg/ml in 50% 
H,O/acetonitrile (ACN) with 0.1% trifluoroacetic 
acid (TFA)] affording an optimal signal-to-noise 
ratio across a wide range of protonated model 
compounds. A general protocol including MALDI 
plate preparation, automated data acquisition, 
and data processing was established for MALDI 
analysis, in which 175 nl of quenched reaction 
mixture in dimethyl sulfoxide (DMSO) with added 
internal standard was directly spotted on an HTS 
MALDI target plate in 1536 format using a 
positive-displacement liquid-handling robot with 
16 channels. In our experiments, the spotting time 
for a single plate was ~30 min, but MALDI plate 
preparation time could be shortened by using a 
liquid-handling robot with a 1536-channel pipett- 
ing head. The resulting DMSO on the target 
plate could be evaporated either under vacuum 
at 0.01 bar (2 min) or at atmospheric pressure 
(1 hour). CHCA matrix solution (150 nl) was then 
applied onto the dried reaction spots through the 
same liquid-dispensing procedure. The readout 
speed for each 1536 MALDI plate ranged from 
8 to 11 min, depending on the number of laser 
shots per spectrum. All automated MALDI runs 
were set up, triggered, and processed using ded- 
icated uHTS software for MALDI-TOF instru- 
ments (Bruker MALDI PharmaPulse 2.0). In the 
whole-molecule analysis experiment, a custom 
processing script was used to simultaneously 
extract nearly 400 masses, peak intensities, and 
peak areas for reaction products and the internal 
standard into a single spreadsheet, in addition to 
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standard MALDI PharmaPulse processing. A 
signal-to-noise-ratio of 5/1 was used in the soft- 
ware to extract the final MALDI-MS data. 


uHT fragment poisons analysis 


To test our MALDI analytical approach for gen- 
eral reaction profiling, we began with an ana- 
lytically simplified screening protocol, developed 
by Glorius and co-workers, for identifying re- 
action poisons—i.e., functional groups and re- 
agents that interfere with a given reaction (Fig. 1) 
(33, 34). Because the same reaction is investigated 
in each experimental well, a single product 
standard can be used throughout, greatly sim- 
plifying analysis. We realized that the throughput 
of the MALDI technique could enable screening 
of much larger sets of steric and electronic func- 
tional variants and higher-order polyfunctional 
molecular fragments to precisely identify specific 
deleterious binding motifs and cooperative inter- 
actions. At the same time, we could evaluate the 
ability of the MALDI system to provide accurate 
product quantification in the presence of dif- 
ferent reaction conditions and a wide variety of 
additives. 

We selected four different C-N coupling con- 
ditions (Fig. 1A)—Ir/Ni and Ru/Ni photoredox 
(35) as well as Pd and Cu conditions (32)—that 
were previously demonstrated to perform well 
using our chemistry informer libraries approach. 
Each method was evaluated using the new nano- 
mole experimentation platforms in the presence 
of 383 polar molecular fragments (with one 
control reaction containing no additive) ranging 
from simple compounds containing a single func- 
tional group (such as amides, esters, and N- 
heterocycles) to more complex polyfunctional 


Fig. 2. Fragment 
additives poisoning 
study. Comparative rates 
of poisoning determined 
by MALDI analysis 

for single functional 
fragments and 
polyfunctional fragments 
for the four tested 
methods are displayed. 
This study reveals that Cu 
is well-suited to managing 
diverse functionality. 
Polyfunctional fragments 
that are composed of 
linked, single functional 
fragments that are not 
poisons themselves often 
lead to differential 
poisoning. 
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compounds. The resulting 1536 fragment-additive 
reactions were analyzed in a single MALDI ex- 
periment in 11 min, with the settings described 
above and using a deca-deuterated product analog, 
added to each well after reaction completion, 
as an internal standard (Fig. 1A). The reactions 
were also analyzed using a conventional 2-min 
ultra performance liquid chromatography (UPLC)- 
MS method. The raw MALDI product response 
shows only marginal correlation with the UPLC- 
MS or UPLC-ultraviolet absorption (UV) data for 
the same reactions [extracted ion count (EIC), 
coefficient of determination R? = 0.24; UV 210 nm, 
R° = 0.16]; however, normalization of the MALDI 
signal with the closely related internal standard 
signal affords notably good correlation (EIC, R® = 
0.85), showing that chemistry-specific effects 
on MALDI signal intensity can be mitigated by 
the use of internal standards (Fig. 1B). The norm- 
alized MALDI product response metric, ranked 
from high to low for all four methods, is shown in 
Fig. 1C, with the corresponding UPLC-MS EIC data 
shown below for comparison. This analytical ap- 
proach is similar to the application of MALDI-MS 
for HTS of enzyme inhibitors, but this work dem- 
onstrates that MALDI, in conjunction with an 
appropriate product standard, can be used for 
routine reaction screening in the presence of a 
diversity of interfering elements. 

To simplify MALDI-based assessments in 
fragment-additive screening, we binned the nor- 
malized MALDI product response for each re- 
action into poisons (>50% signal knockdown) 
and nonpoisons (<50% signal knockdown) for 
each fragment and synthetic method (Fig. 2). 
Across all four methods, the MALDI assignment 
matched the UPLC-MS EIC signal ~95% of the 
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eu Ir/Ni Pd 


time and the UPLC-UV 210-nm data ~88% of the 
time (we found that UPLC-UV 210-nm data often 
show peaks that interfere with the product peak). 
The fragment screening data showed the expected 
outcome that each of the synthetic methods is 
susceptible to poisoning by particular single func- 
tional groups (see figs. S19 and S20 for complete 
lists). We were also able to observe that when 
these single-functional poisons are incorporated 
as parts of polyfunctional fragments, reaction 
poisoning almost always occurs (>90% of the 
time). Notably, polyfunctional fragments com- 
posed of functional groups that are not them- 
selves poisons often (~50% of the time) act as 
poisons as well. The structural details of this 
poisoning are very specific. For example, we 
observed cases in which the combination of N- 
heterocycle and ketone strongly poisons a given 
catalytic system, whereas other similar structural 
combinations do not (Fig. 2). This work provides 
some indication of how screening large permu- 
tations of multifunctional structures can identify 
precise motifs that lead to reaction failure. We 
were gratified to find that with a large number 
of experiments, the effects of false negatives 
and positives on identifying trends are, to some 
degree, offset by the internal validation that 
stems from using multiple fragments that are 
structurally related. The fragment-based analysis 
herein reveals Cu to be substantially more re- 
silient to single and poly-functional poisoning 
than the other methods evaluated, which should 
support its wider use in complex, densely func- 
tionalized substrates. The Ir/Ni and Ru/Ni photo- 
redox methods were very similar to each other 
in their inhibition profiles and also generally per- 
formed very similarly to Pd. Most importantly, 
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the specific problematic functional arrays that 
poison each method can be roughly mapped, and 
subsequent detailed nanomole chemistry ex- 
ploration with structural variants can provide 
focused data for effective ML predictive model- 
ing [as in (8)]. 


uHT simplest-partner 
whole-molecule analysis 


We next investigated the much more challenging 
use of MALDI-MS to characterize the effects 
present in large, whole-molecule substrate sets 
(Fig. 3). Whereas the fragments approach is 
useful for rapid identification of problematic 
functionality, classifying local steric and elec- 
tronic as well as bulk molecular effects such as 
solubility can be accomplished only by using 
whole-molecule substrates. Previous work in 
our labs explored the effects of pharma-relevant 
whole-molecule informer compounds (32) on 
the performance of different synthetic methods. 
Though useful to begin to systematically evaluate 
different synthetic methods, the 18 compounds 
in these test sets do not provide enough struc- 
tural diversity to begin to assign general causes 
of reaction failure. In addition, the impact of 
amines in complex reactivity space was not pre- 
viously taken into account. Hence, we envisioned 
a much larger virtual array of 192 N-heterocycle- 
containing aryl bromides crossed with 192 cyclic 
secondary amines (Fig. 3A), both of increasing 
molecular complexity, representing 36,864 dis- 
tinct potential products. This array, if evaluated 
with the four aforementioned C-N coupling pro- 
tocols, would result in 147,456 experiments. Al- 
though experimental assessment of all substrates 
and protocols is conceivable, we explored a sys- 
tematic “simplest-partner” approach to study the 
isolated structural effects of individual building 
blocks in this space. In this protocol, each bro- 
mide is subjected to reaction with the simplest 
amine in the set and each amine with the sim- 
plest bromide. Applying the four different syn- 
thetic methods to this 384-substrate test set 
affords a total of 1536 experiments, or ~1% of 
the experimental space. To ensure that every 
reaction in the set would have a strong MALDI- 
MS response, the simplest coupling partners were 
chosen to incorporate a basic nitrogen atom, 
thereby ensuring MS detectability in the positive- 
ion mode. Although measuring products in 
negative-ion mode was not the focus of this 
work, analysis of small molecules by MALDI- 
TOF in negative-ion mode can be successfully 
achieved when appropriate sample prepara- 
tion methods are used (36-38). Clearly, this 
general strategy would be poorly suited for the 
synthesis of hydrocarbons or other species that 
have poor MS ionization properties. 

Traditional exploration of complex substrate 
space using HPLC analysis requires the prepara- 
tion of product standards to obtain response 
factors for quantification and to confirm product 
identity for every new molecule of interest, an 
untenable proposition for our envisioned ex- 
periment. The prospect of adding an internal 
standard that is tailored to each product for 
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MALDI normalization is equally daunting. We 
reasoned that in our search for causes of re- 
action failure, a focus on common structural 
reactivity trends rather than absolute product 
yields might afford valuable insights without the 
traditional need for individual product standards. 
Also, we hoped that the use of a single internal 
standard in all wells, although clearly not control- 
ling for structure-based variations in MALDI 
signal intensity, might still be useful for normal- 
izing the effects of MALDI spotting variability, 
thereby vastly simplifying experimental execution. 
Hence, we endeavored to use rapid MALDI re- 
sponses for 384 different products coupled with 
parameterized and clustered molecular descrip- 
tors (such as functional group counts, steric 
hindrance, and bulk properties such as H-bond 
donors and acceptors and polar surface area) to 
identify fundamental incompatibilities between 


given sets of reaction conditions and the diverse 
structural properties within an enormous com- 
pound set. Once identified, such reactivity trends 
can be confirmed by conventional analytical 
methods. The MALDI signal for all 1536 reac- 
tions was acquired using a single internal 
standard for normalization across all reactions, 
as well as a conventional 2-min UPLC-MS analysis 
for comparison. Two-dimensional scatter plots 
for all 1536 reactions (Fig. 3B) reveal that the nor- 
malized product MALDI responses are poorly 
correlated compared with the UPLC-MS (EIC, 
R? = 0.33) and UPLC-UV data [total wavelength 
chromatogram (TWC), R? = 0.30; we found an 
averaged wavelength to be more useful in this 
diverse compounds set than a single wavelength, 
such as UV 210 nm]. However, we found that 
we could use the MALDI data to create binary 
thresholds for reaction success or failure that 
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Fig. 3. Whole-molecule simplest-partner evaluation with MALDI analysis. (A) Bromides and 
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amines (192 of each) are each crossed with a simple, mass-active coupling partner under the four 
previously described (Fig. 1A) catalytic methods. (B) Using a single internal standard, the normalized 
MALDI data show poor correlation with UPLC-MS and UPLC-UV metrics. 


4 of 7 


8L0z ‘E} IsnBny uo /610'beweoualos’souel0s//:dy]y Wold) pepeojuMOGg 


RESEARCH | RESEARCH ARTICLE 


PENM3 NOATOTOBMIA FPYNNA "What's News” VK.COM/WSNWS 


permitted us to identify general structural en- 
tities that correlate with reaction failure within a 
large, whole-molecule set. To this end, we set 
an arbitrary pass-fail threshold of 20% of the 
average MALDI value across the entire set. When 
the binned data for each synthetic method are 
clustered as a percentage of failed reactions for 
different structural parameters that have at least 
10 examples within a set (Fig. 4A), the data from 


the normalized MALDI experiment show essen- 
tially the same trends revealed in the UPLC-MS 
data (both EIC and TWC responses), suggesting 
that MALDI can be used to stack-rank the struc- 
tural entities that most often cause reaction fail- 
ure for each set of conditions (see figs. S26 to $33 
for complete lists). Again, any of these identified 
problematic structural parameters can be pro- 
moted for higher-order systematic ML studies. 


Although lists of potential poisons for specific 
synthetic methods are useful, understanding 
the comparative reactivity of different synthetic 
methods for problematic functionality is arguably 
even more important. Figure 4B shows how the 
clustered binary pass-fail data for all four syn- 
thetic methods can be combined into a single 
graph that reveals structural entities that are 
generally problematic for bromides and amines 
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Fig. 4. Whole-molecule reactivity trends from binary thresholding 
analysis. (A) Failure percentage for different clustered parameters determined 
by pass-fail binary binning using thresholded MALDI data correlates very well 
with similarly binned UPLC-MS EIC and UPLC-UV TWC data. Each point on the 
graph represents the failure rate of different specific aggregated structural 
parameters, such as NH heterocycles or H-bond donors, for each synthetic 
method. Circles and crosses denote whether the trend is for amines (circles) or 
bromides (crosses). The symbol color of each circle or cross indicates which 
synthetic method was used for the data point. (B) The average failure rate for 
clustered parameters for all four methods reveals the functionality that is 
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problematic across methods. The color of each data point reveals which 
method has the lowest failure rate. (© and D) The most problematic 
parameters for aryl bromides (blue shaded area from Fig. 4B) and amines 
(red shaded area in Fig. 4B) are listed in descending order of failure rates across 
methods, along with the number of examples in the test set. In nearly all cases, 
Cu is the preferred method. However, several very specific structural types 

in amines are found to be problematic for Cu and show greater reactivity with 
Pd. MR, membered ring; TPSA, total polar surface area; NHR, nitrogen with 
an alkyl group and a hydrogen; MW, molecular weight; clogP, calculated logP 
(logarithm of the partition coefficient between n-octanol and water); Bn, benzyl. 
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across all methods. The data can serve as a valu- 
able map for academic research focused on creat- 
ing new methods to overcome these common 
problems. This graph also reveals which method 
affords the lowest failure rate for each parameter. 
Figure 4B clearly shows the synthetic advantage 
of the Cu system in nearly all parameters used to 
describe aryl bromides (the most problematic are 
listed in Fig. 4C), which again substantiates its 
value in complex synthesis. At the same time, for 
a number of parameters within the amine struc- 
tural space (Fig. 4B, red), Pd is the best catalyst. 
Diving deeper (Fig. 4D), we can identify very 
specific structural features within amines that 
are problematic for Cu and for which Pd can 
provide a synthetic advantage. Particularly no- 
table is the reproducibly higher performance of 
Pd versus Cu for 3-substituted-4-N-carbonyl piper- 
azines and 3,4-N-heterocycle-appended piper- 
azines, revealing subtle conformational effects 
several bonds removed from the reactive amine 
that are not considered in the current understand- 
ing of C-N coupling reactivity. These systems were 
explored at a larger reaction scale (10 umol, 40x 
scale-up) with additional structural examples to 
confirm the trends (see figs. S37 to S39 for fur- 
ther details on Cu versus Pd amine trends). 

The fragment-additive and whole-molecule 
studies both indicate that Cu has a substantial 
advantage over the other methods examined in 
this study, with respect to single and poly- 
functional group tolerance and scope. These 
observations hold with aryl bromides, but Cu 
also appears to have specific liabilities in the 
amine structural space. This study demonstrates 
that uHT fragment and whole-molecule ap- 
proaches can provide complementary reactivity 
information, and both approaches will likely 
be inextricably linked in the future of predictive 
chemistry. Given the observed importance of 
precisely defined structures evident in this work, 
as well as a shortage of diverse test substrates, 
chemists will likely alternate between the two 
approaches to refine their maps of holistic re- 
activity effects. The most important message 
from this work is that, rather than accurately 
determining reaction yields, broad uHT map- 
ping of substrate space with no isolated product 
standards can reveal specific molecular inter- 
actions using adequately discriminating binary 
analytical approaches that simply separate suc- 
cesses from failures. The reactivity trends iden- 
tified by MALDI in these experiments were 
confirmed with conventional UV/MS scoring, 
which suggests that MALDI alone can be used to 
uncover results previously accessible only via 
slower analytical methods. Looking forward, we 
hope that the convenience, robustness, and speed 
of MALDI will facilitate creation of large sets of 
structural and mass response data to enable quan- 
titative yield prediction to further increase the 
value of the MALDI-MS approach. 


Full factorial whole-molecule space 


The remaining 99% of the full factorial whole- 
molecule crossover substrate coupling space may 
contain additional information on higher-order 
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bimolecular interactions that can also influence 
reaction performance. The simplest-partner ap- 
proach can be used to triage the experiments 
required to map the enormity of the remaining 
space. We reasoned that if either compound in 
a complex pair performs poorly in the simplest- 
partner test, then structural poisoning will be 
likely in the more complex combination. Likewise, 
when both partners perform well with simple 
partners, the combination is likely to work well 
together. We investigated 288 experiments in 
this crossover space and found that we could 
assign >50% of the space into “hits” or “misses” 
(with 90% accuracy, see supplementary materials 
for details). The remaining space, with substrates 
having middling MALDI responses, could not be 
effectively resolved. This pruning approach allows 
us to chart complex bimolecular space using 
the minimal coverage provided by the simplest- 
partner experiments, thereby eliminating >70,000 
experiments that do not need to be performed. 


Toward predictive informatics 


The miniaturized uHT reaction engineering and 
MALDI-TOF MS analytical advancements de- 
scribed in this work enable generation of large, 
structured datasets that pinpoint problematic 
structural elements within complex substrate 
space. Identified problems can then be promoted 
for more detailed mapping with the use of uHT 
experimentation coupled with atomic and quan- 
tum molecular physical descriptors to enable 
structure-based ML. In this work, we ran more 
than 3000 experiments studying the effects of 
just four synthesis conditions on a relatively 
narrow area of chemistry space (the coupling 
of cyclic secondary amines and N-heterocycle- 
containing aryl bromides). The real power in this 
approach will harness the pronounced analytical 
speed of MALDI analysis for the iterative evalua- 
tion of large substrate arrays against diverse 
catalysts, bases, solvents, reagent stoichiometries, 
and temperatures, enabling big data chemistry 
informatics in the search for general solutions to 
problematic areas in organic synthesis. 

A persistent focus on revealing structural lim- 
itations in chemistry is a win-win scenario for 
academic researchers and synthetic practition- 
ers alike. Dark space that remains inaccessible 
across synthetic methods becomes fodder for new 
experimental research of known value, and spe- 
cific knowledge of limitations will lead to predic- 
tivity and understanding that will increase the 
speed and success of the design-make-test cycle, 
helping to remove synthetic problem-solving 
from the critical path. Even with optimally ef- 
ficient tools and strategies in place, mapping the 
entire landscape of useful chemical reactivity is 
currently beyond the reach of any single organi- 
zation. Given the promising enabling value of 
such a massive survey, a precompetitive public- 
private partnership to address this gap might 
even be an achievable and worthwhile goal. 


Materials and methods summary 


The specific extended nanomole-scale chemistry 
protocols used for the four described C-N coupling 


synthetic methods (Ir/Ni and Ru/Ni photoredox, 
Cu, and Pd), as well as the MALDI-MS and com- 
parative UPLC-MS analysis protocols, are de- 
scribed in detail in the supplementary materials. 
A brief summary is provided below. 


Description of extended nanomole-scale 
chemistry platform 


Nanomole-scale chemistry reactions, to this 
point, have been run using plastic plates with 
low-volatility, plastic-compatible solvents (polar 
aprotics, DMSO, and N-methyl-2-pyrrolidone) 
and homogeneous components (bases and cat- 
alysts) at room temperature. In this work, reaction 
engineering advancements have enabled a much 
wider scope of potential reaction conditions. The 
use of glass 1536-well plates and rapid 384-tip 
pipetting enables the use of volatile, non-plastic- 
compatible solvents (such as dioxane, used in 
this study) and substrates (piperidine). Develop- 
ment of a resonant acoustic LabRam grinding 
protocol to produce long-lasting slurries that 
can be dosed with liquid-handling robotics has 
enabled the use of heterogeneous inorganic bases 
(CsgCOz and K3PO,). An aluminum reactor block 
was designed that can provide a high-quality seal 
to prevent solvent loss, and a heating mechanism 
was devised that can be equipped to heat the 
aluminum block inside the LabRam, which pro- 
vides a robust mechanism for parallel reaction 
agitation. Finally, a nanomole-scale photochemistry 
tool was created using a modified aluminum 
reactor with an acrylic plastic bottom that allows 
uniform light penetration. 


Description of MALDI-TOF analysis 


All reaction mixtures were quenched and diluted 
to standard UPLC-MS concentration. These 
quenched reactions were then spotted using a 
Mosquito HTS liquid-handling robot on Bruker 
HTS MALDI targets with barcodes (1.0-mm 
thickness) in 1536 format [HTS MALDI plate 
1.0 mm, BC, part 1833280]. The targets were 
mounted on Bruker HTS MALDI adapters (part 
1847571). Reaction mixture (175 nl) was deposited 
and allowed to dry, followed by depositing 150 nl 
of a 4-mg/ml solution of a-cyano-4-hydroxycinnamic 
acid in 0.1% TFA, 50% ACN/H,0O. These targets 
were analyzed on a Bruker Rapiflex MALDI-TOF/ 
TOF system. 


Description of comparative 
UPLC-MS analysis 


The quenched reactions were also monitored 
using a Waters Acquity UPLC I-Class system 
(Waters Corp.) equipped with a binary pump, 
flow-through needle sampler, column manager, 
photodiode array detector, SQ detector 2 with 
electrospray ionization source in the positive 
mode, and MassLynx software. Separations were 
performed on a Waters CORTECS UPLC C18+ 
column (dimensions: 30 mm by 2.1 mm; particle 
size: 1.6 um). 
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2D MATERIALS 


The role of electron-electron 
interactions in two-dimensional 


Dirac fermions 


Ho-Kin Tang’”, J. N. Leaw’”, J. N. B. Rodrigues””, I. F. Herbut’, P. Sengupta’, 


F. F. Assaad*, S. Adam””*6* 


The role of electron-electron interactions in two-dimensional Dirac fermion systems 
remains enigmatic. Using a combination of nonperturbative numerical and analytical 
techniques that incorporate both the contact and long-range parts of the Coulomb 
interaction, we identify the two previously discussed regimes: a Gross-Neveu transition to 
a strongly correlated Mott insulator and a semimetallic state with a logarithmically 
diverging Fermi velocity accurately described by the random phase approximation. We 
predict that experimental realizations of Dirac fermions span this crossover and that this 
determines whether the Fermi velocity is increased or decreased by interactions. We 
explain several long-standing mysteries, including why the observed Fermi velocity in 
graphene is consistently about 20% larger than values obtained from ab initio calculations 
and why graphene on different substrates shows different behaviors. 


n 1952, Freeman Dyson made the argument 
that all theoretical solutions to problems in 
quantum electrodynamics have the form of 
a perturbative asymptotic series expansion 
in the fine-structure constant o, where the 
Coulomb potential is of the form a/7, with r 
being the distance between two electrons. Fur- 
thermore, he showed that such solutions are 
uncontrolled beyond the order of perturbation 
theory given by the inverse fine-structure con- 
stant (7). For condensed matter realizations of 
two-dimensional (2D) Dirac fermions, the equiv- 
alent of the fine-structure constant is the long- 
range Coulomb coupling constant a ~ 1, which 
implies that any perturbative theory is poten- 
tially uncontrolled (2). Indeed, first-order per- 
turbation theory for such systems gives rather 
peculiar results. To first order in a, the inverse 
coupling constant (proportional to the Fermi 
velocity) itself diverges both in the infrared (ong 
distances) and ultraviolet (small distances). In- 
troducing a lattice scale fixes the ultraviolet di- 
vergence but not the infrared one (3, 4). 
This divergence is what lead Ye and Sachdev 
(5) to describe the effects of long-range electron- 
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electron interactions as “dangerously irrelevant”: 
Although the system flows under the renormal- 
ization group to a noninteracting theory, phys- 
ical observables are strongly renormalized by 
the Coulomb interaction. Since then, dozens 
of theoretical works (6) have confirmed this 
basic picture: In the absence of disorder, and 
precisely at half filling, the role of long-range 
Coulomb interactions is to renormalize the elec- 
tron Fermi velocity to infinity (imited only by 
the speed of light, if one includes a dynamical 
interaction). 

In a parallel development, the Hubbard mod- 
el on a honeycomb lattice provided a low-energy 
realization of Dirac fermions interacting through 
a short-range contact interaction U. Increasing 
the short-range interaction results in a quantum 
phase transition at a critical value U = U, from 
a semimetal to an antiferromagnetic Mott in- 
sulator. This phase transition was predicted to 
be of the Gross-Neveu universality class (7), 
which was recently confirmed numerically (8, 9). 
In diagrammatic perturbation theory, typically 
both the Fermi velocity and quasiparticle res- 
idue vanish at a quantum phase transition. How- 
ever, for the Gross-Neveu critical point, the Fermi 
velocity remains finite (despite the vanishing 
of the quasiparticle residue), and this suppres- 
sion of the Fermi velocity to a finite value has 
been observed numerically (10). Renormalization 
group studies (77) have shown that the Fermi 
velocity is not modified by weak short-range 
interactions, and, in our numerics below, we 
verify all these features for the Hubbard mod- 
el on a honeycomb lattice. However, because 2D 
Dirac fermions are unable to screen the long- 
range Coulomb potential, it is widely believed 


(6, 12) that this pure on-site Hubbard model 
has limited applicability to experiments done 
in real materials. 

Experimentally, 2D Dirac fermions can be 
realized in a variety of condensed matter sys- 
tems, including on the surfaces of 3D topolog- 
ical insulators (13, 14) and in artificial graphene 
made from quantum corrals of carbon monoxide 
arranged in a honeycomb lattice on a copper 
substrate (15), as well as in other systems (16). 
For concreteness, we focus our attention on 
graphene, the most studied and versatile real- 
ization of 2D Dirac fermions. Experiments have 
been unable to realize the precise configuration 
necessary to probe this strange interacting me- 
tallic state that features electron quasiparticles 
moving at the speed of light, despite their quasi- 
particle character smearing away; however, sev- 
eral probes of ultraclean graphene—including 
magnetotransport (17), infrared spectroscopy (8), 
capacitance (19), angle-resolved photoemission 
spectroscopy (20), tunneling spectra (27), and 
Raman scattering (22)—all reveal a clear break- 
down of the noninteracting theory. 

In this work, we address the competing ef- 
fects of short-range and long-range parts of any 
realistic model of the Coulomb interaction. We 
use a nonperturbative, numerically exact, pro- 
jective quantum Monte Carlo method to study 
the evolution of physical observables in a con- 
trollable manner. We find that, in the regime 
dominated by long-range interactions, there is 
an enhancement of Fermi velocity consistent 
with perturbation theory. Conversely, close to 
the phase transition dominated by short-range 
interactions, we find a suppression of Fermi 
velocity and a collapse of the numerical data 
for different values of the ratio between long- 
range and short-range interactions onto one 
curve. Our numerical results interpolate be- 
tween these two limits and are valid for all in- 
teraction strengths, but are constrained by the 
finite system sizes in our simulations. There- 
fore, we use a renormalization group scheme to 
extrapolate the quantum Monte Carlo results 
to experimentally relevant energy scales, where 
we predict that observables will depend on both 
the short-range and long-range components of 
the Coulomb interaction as well as the energy 
scale of the observation (as we explain below, 
all these parameters can be tuned in current ex- 
periments). Moreover, we find that the lattice 
scale not only regularizes the ultraviolet diver- 
gence of the Fermi velocity but can also make 
the infrared divergence unnoticeable in the ex- 
perimental window. 


Theoretical model 


To accomplish this, we study interacting fer- 
mions on a honeycomb lattice with competing 
short-range and long-range interactions. The 
model is described by the Hamiltonian H = 


tS" (@ejo+h.c.) +3 > (ai -1)Vi(%j -1) 
(ii),6 


ij 


where h.c. is the Hermitian conjugate, tis the 
tight-binding hopping, the second-quantized 
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Fig. 1. Phase diagram for fermions on the honeycomb 
lattice with competing short-range and long-range 
Coulomb interactions. For any value of long-range 
interaction do, there is a critical value of the short-range 
interaction U.(do) calculated by using quantum Monte Carlo 
(QMC) (data points), for which the system undergoes a 
quantum phase transition to the Mott insulator. In the 
presence of long-range interactions, a larger value of on-site 
interaction is required to reach the quantum phase 
transition. The phase diagram can be understood by solving 
the renormalization group (RG) flow equations (red curve), 
including both on-site and nearest-neighbor interactions, 
where the effective on-site interactions are reduced by 

the long-range Coulomb tail. The solid blue line is a 

quartic interpolation of the data points. The shaded portion 
shows the region inaccessible to our numerical method. 
Error bars indicate our numerical uncertainty. The Fermi liquid 
regime, the weakly interacting semimetal, and the strongly 
interacting Mott antiferromagnet are marked by illustrations. 


Fig. 2. Dirac fermion Fermi 
velocity renormalized by 
electron-electron interac- 
tions. Projective quantum 
Monte Carlo results for 
different short-range (U) and 
long-range (dg) components 
of the Coulomb interaction. 
Plotted is the relative change 
of the Fermi velocity with 
respect to the noninteracting 
value at the Dirac point. 
Small U/U,(ao) defines the 
weak-coupling regime, where 
Monte Carlo data for differ- 
ent ratios y of the long-range 
and short-range components 
collapse as a function 

of ao; here electron-electron 
interactions enhance the 
Fermi velocity in agreement 
with the RPA (left inset). 
Perturbation theory (PT) 
results are also shown. A 
metal-to-Mott insulator phase 
transition of the Gross-Neveu universality class occurs at U = U,(do), where a 
suppression of Fermi velocity can be understood as the coupling between 
Dirac fermions and the bosonic excitations of the nascent antiferromagnetic 
state (the brown star is an estimate of this Fermi velocity suppression 
determined by using spin-wave theory). The right inset shows quantum Monte 
Carlo data at various values of y for the change in Fermi velocity from the 
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value at the Gross-Neveu point collapse onto one curve as one moves away 
from the phase transition. Our numerics span the full crossover between 
the weak-coupling fixed point and the Gross-Neveu critical point. Estimates 
place topological insulators close to the phase transition, whereas quantum 
corral-like honeycomb lattices are in the weak-coupling limit. Graphene Dirac 
fermions lie somewhere in between these two regimes [see table S2 in (16)]. 


operator a (Cis) creates (annihilates) an 
electron of spin o=f| at position r;, and 


ni = y Gi tic gives the electron density at 
oO 


position r;. The interaction V consists of a short- 
range part acting between electrons on the same 
site with different spins, V,; = U, and a long- 
range part depending on the distance between 
the electrons 7 = 2a|r; — r;|/3 as Vy = O0/7y, 
where a is the lattice constant. We define y = 
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3a,/U as the ratio between the long-range and 
short-range components. The inclusion of the 
long-range component was made possible by 
recent developments in lattice quantum chro- 
modynamics (23), which we adapt for our pur- 
poses here (24). 

Including electron-electron interactions can 
do one of two things: The Dirac fermions can 
remain metallic but with a modified Fermi ve- 
locity or the interactions can gap the system, 


giving a Mott insulator. We use our quantum 
Monte Carlo method to map out the phase tran- 
sition between the semimetallic phase and the 
Mott insulating phase by calculating the anti- 
ferromagnetic structure factor [see eq. S7 in 
(16)], which, in the thermodynamic limit, is 
finite for the Mott insulator and vanishing 
in the metallic phase. For any given strength 
of the long-range interaction, the structure fac- 
tor shows a unique crossing point U,(a9) for 
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various system sizes [see fig. S3 in (16) for a 
representative example with y = 0.5 and sys- 
tem size (L) = 6, 9, 12, and 15]. By tracing this 
crossing point for 10 different choices of y, we 
can map out the phase diagram of this model 
shown in Fig. 1, highlighting the competing ef- 
fects of the short-range and long-range parts of 
the Coulomb potential. We confirm an earlier 
finding (25) that the critical point remains in 
the Gross-Neveu universality class, even with 
the presence of the long-range Coulomb inter- 
action. It is commonly believed (6, 72) that in- 
creasing the strength of the Coulomb interaction 
will favor the Mott insulating phase. By contrast, 
we find that reducing the relative role of Cou- 
lomb interaction versus on-site interaction, for 
example, through dielectric screening (26) or 
biaxial strain (24), provides the most favorable 
route for realizing antiferromagnetic order in 
graphene experiments. Renormalization group 
calculations in 1+ e€ dimensions are the pre- 
ferred method to understand such phase tran- 
sitions (27). In section 2.2 of (16), we extend 
this technique to calculate the spin-full Gross- 
Neveu model, from which the red curve in Fig. 1 is 
obtained. This gives us two intuitive ways of 
thinking about why the phase transition shifts 
to the right with increasing long-range inter- 
actions. First, as one increases the long-range 
Coulomb tail, the effective on-site potential de- 
creases. (One can think of this, qualitatively, 
as the difference between the on-site potential 
and the nearest-neighbor potential.) Therefore, 
with the inclusion of the long-range piece, one 
needs a larger on-site potential to get the same 
effective critical Hubbard potential (28). Second, 
although the Hubbard potential favors an anti- 
ferromagnetic ground state, the nearest-neighbor 
potential favors instead a charge density wave 
ground state. By including the long-range piece, 


one needs a larger on-site potential to stabilize 
the antiferromagnetic phase. 

Figure 2 shows our main numerical results 
on the Fermi velocity, which is the defining prop- 
erty of the massless Dirac spectrum. We plot the 
renormalization of Fermi velocity (vz — Upon)/Vo 
against U/U,(do), which is the short-range com- 
ponent of the interactions normalized by the 
critical value obtained from the phase diagram 
in Fig. 1. Here vy is the interaction-renormalized 
Fermi velocity obtained in quantum Monte Carlo 
at the simulation scale A, = ka = 0.48, where 
kis the momentum, v, 5, is the tight-binding 
Fermi velocity at the simulation scale, and vo 
is the tight-binding Fermi velocity at the Dirac 
point. Each data point in Fig. 2 is an extrapo- 
lation to the thermodynamic limit from four 
lattice sizes, each with an average of ~100,000 
quantum Monte Carlo sweeps. The interact- 
ing Fermi velocity at the simulation scale is 
obtained by first determining the convergent 
ground state value of the unequal time Green 
function G,(t) for large t, where the single 
exponential decay time, log[G;(t)] ~ (Evés — 
Ejcg)t determines the first excitation energy 
of the system [defined here as the energy differ- 
ence between the ground state (GS) of N + 1 
fermions with a total momentum # and the 
ground state of N fermions with zero total 
momentum]. Full details of our quantum Monte 
Carlo scheme (figs. S1 to S3), datasets, the 
analysis, and the discussion on the use of 
twisted boundary conditions (figs. S4 to S7) 
are provided in (16). 

Our numerical data show that the Fermi ve- 
locity renormalization has notably different 
behavior for U/U-(a) « 1 (which we call the 
“weak-coupling regime”) and U/U,(a0) <1, 
which is in the vicinity of the Gross-Neveu crit- 
ical point. In the weak-coupling regime, we ob- 


Fig. 3. Determining the renormalization group flow param- A 


eters from our quantum Monte Carlo data. Our simulations 0.4 
also provide data for momenta larger than A,. We exploit this 

scale dependence to determine scales smaller than what we can 

simulate. (A) Representative data close to the weak-coupling 

fixed point where the on-site Hubbard model (blue data) shows 

no observable change in Fermi velocity. With long-range inter- 0.3 
actions, the Fermi velocity increases with decreasing momenta 
red data), understood either by using a continuum perturbation 
theory (PT) (red curve) or lattice perturbation theory with no 
adjustable parameter (black curve), which diverge logarithmically. 
B) The Gross-Neveu (GN) critical point is very different. Here, 
neither the Hubbard model (blue data) nor the data including the 
ong-range Coulomb interaction (red data) show a logarithmic 
divergence at small Ay. A phenomenological fit captures the on- 
site Hubbard model (blue dashed line). The weak increase in 
renormalized Fermi velocity as one goes from A, = 2 to A, = Lis 
seen in both the black curve (lattice perturbation theory) and the 
quantum Monte Carlo data with finite long-range interactions. 

(C) Logarithmic increase at A, < 2. The red curve in (B) is obtained by 0% 
fitting for this increase using a first-order perturbation theory about 


the Gross-Neveu critical point. 
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serve an increase in the Fermi velocity, and all 
the quantum Monte Carlo data for different 
ratios of short-range and long-range compo- 
nents y collapse when plotted as a function of 
the long-range interaction dg (see Fig. 2, left 
inset). By contrast, in the vicinity of the Gross- 
Neveu critical point, the Hubbard model (dg = 0) 
shows a 40% decrease in Fermi velocity. Even 
after including the long-range component of 
the Coulomb interaction, by subtracting the 
intercept of the Fermi velocity at the Gross- 
Neveu critical point, all the numerical data 
collapse to the Hubbard model function form 
(see Fig. 2, right inset). This shows that in- 
teracting fermions on a honeycomb lattice are 
governed by two very different fixed points: 
one controlled by the long-range interaction, 
giving an enhancement in Fermi velocity, and 
the other governed by the short-range interac- 
tion, giving a suppression of the Fermi veloc- 
ity. As discussed in table S2, estimates for the 
realistic Coulomb potential in graphene place 
it in the crossover between these two regimes, 
whereas topological insulator Bi,Ses is close 
to the Mott transition and artificial graphene 
using quantum corrals is in the weak-coupling 
regime (16). Our numerical results span the full 
crossover between these two regimes. 

The emergence of a stable weak-coupling fixed 
point and an unstable Gross-Neveu fixed point 
is anticipated by renormalization group studies. 
In the weak-coupling regime, all the quantum 
Monte Carlo data (Fig. 2, lines plotted on the 
left-hand side of the main panel) can be re- 
produced by using a one-parameter random 
phase approximation (RPA) theory v®?A(k) = 


Yo{1 + [Fi(ao) — Fo(o0)ln( 5) ie where A, is 


our numerical scale and A = 6.2 + 0.2 is ob- 
tained from fitting the data for small a. The 
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RPA functions F\(o9) and Fo(a9) have been re- 
derived several times in the literature (4, 5, 16, 29). 
Our nonperturbative numerics verify this func- 
tional dependence on ao. This agreement with 
the nontrivial functional dependence on oo 
gives us confidence to trust the logarithmic 
dependence on scale also predicted by the RPA 
calculation. Our full numerical dataset is con- 
sistent with this logarithmic increase in the 
weak-coupling limit [P < 10°; see figs. S8 and 
S9 in (16) for the full dataset and additional 
evidence]. 

Although there is currently no analytical the- 
ory for the dependence on U/U, close to the 
Gross-Neveu fixed point, we can adequately 
describe the quantum Monte Carlo data by 
using a phenomenological model that has three 
parameters for the pure Hubbard model data 
and one additional parameter for linear de- 
pendence on y = 3a0/U of the Fermi velocity at 
the Gross-Neveu critical point vgn(y). Defining 
the change in interaction strength from the 
critical value (e) = 1 — U/U,(ao0), we find (16) 
that (Up — Upon)/Vo = Co + Ce + Coe” + myy with 
Co = —0.384 + 0.002, C, = 1.35 + 0.05, and Cy = 
-1.2 + 0.1 determined just from the Hubbard; 
the single additional parameter m, = 0.333 + 
0.005 captures the effects of the long-range 
Coulomb potential. This fit is shown as the 
lines plotted on the right-hand side of Fig. 2. 
In section 5 of (16), we describe the suppres- 
sion of the Fermi velocity at the Gross-Neveu 
fixed point using an approximate spin-wave 
theory with short-range interactions, giving 
the brown star in Fig. 2. Approaching the Gross- 
Neveu transition, antiferromagnetic fluctuations 
become progressively slower and couple to the 
Dirac fermions, thereby reducing the Fermi ve- 
locity (30). 


Flow beyond numerical scales 


The analysis so far has been at the simulation 
scale A, = 0.48 that is limited by the largest sys- 
tem size that we can simulate. However, the 
experimental scale is set mostly by the degree of 
disorder in the system (currently, energy scales 
as small as A; = 10-° can be measured). How, 
then, do we extrapolate our numerical find- 
ings to the experimental regime? Although we 
cannot numerically probe scales smaller than A,, 
we can probe larger energy scales, thereby pro- 
viding the inputs for a renormalization group 
flow from the numerical scale to the experimen- 
tal scale. This procedure is illustrated in Fig. 3, 
which we now explain. 

Figure 3A shows results for U = 0.1 in the 
weak-coupling regime. For the pure Hubbard 
model (dg = y = 0), there is no renormalization 
of the Fermi velocity, even at larger energy scales 
(blue circles). For small a9 (shown in Fig. 3A 
as red data points for quantum Monte Carlo 
results, with y = 309/U = 0.1 as a representative 
example), the values of the numerical data in- 
crease weakly with decreasing A;. To show that 
this increase is consistent with a logarithm, we 
show two theoretical analyses. The red curve 
shows the first-order perturbation theory of a 
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Fig. 4. Theoretical 
prediction for experi- 
mental realizations of 
graphene. Solid lines in 
the left panel (red, 
close to the Gross- 
Neveu fixed point; blue, 
close to the weak- 
coupling fixed point) 
show our theory for the 
interaction-induced 
change in the coupling 
constant at the 
energy scale of our 
numerics for realistic 
graphene with different 
Glo, aS determined by 
the choice of substrate. 
Pale lines show our 
theory for the experi- 
mental energy scale 


Gross-Neveu 


Realistic Graphene (U = 3.0) 


that is numerically inaccessible but can be obtained from our numerical data by using the 
renormalization group (RG) analysis. Quantum Monte Carlo simulations (data points) have the 
same values in the left and right panels and can differentiate between these two theories. 

The dashed arrow shows this RG flow schematically from the numerical scale (small circle) to 
the experimental scale (larger circle). Right panels show the flow for dg = 0.1 and 1.2. For the most 
common realization of graphene on a dielectric substrate (16), we predict weak suppression of 
the coupling constant that changes only slightly under renormalization (the solid and pale lines are 
not too different for ap = 0.6). Most surprisingly, we predict that, for small ao (e.g., graphene 

on metal substrates), there is an enhancement of the coupling constant (i.e., solid red line is larger 
than unity) that then further increases with renormalization to the experimental scale (red line 


increases in the right panel). 


Dirac spectrum with the same single global pa- 
rameter discussed already in Fig 2. We attribute 
the disagreement with the quantum Monte Carlo 
data to the fact that, at such large energy scales, 
the lattice model has nonlinear terms. To check 
this, we also solve numerically the first-order 
perturbation theory in op, on a finite lattice 
[see section 6 of (J6)]. Because the lattice is 
specified, there is no adjustable parameter in 
this calculation. This is shown as the black 
curve in Fig. 3A, and it agrees with the quantum 
Monte Carlo at large energy scales (reduced ¢ = 
1.96), giving us confidence in our analysis. In 
this method, we can go to lattice sizes as large 
as L = 1500, and, in the small A; window, the 
lattice perturbation theory results look similar 
to the logarithmic divergence in the contin- 
uum perturbation theory. Additional numeri- 
cal results would be needed to confirm that this 
observed logarithmic dependence in our quan- 
tum Monte Carlo data persists all the way to the 
Dirac point. 

We now turn to the Gross-Neveu critical point. 
Figure 3B shows quantum Monte Carlo data for 
the Hubbard model (blue circles) and a repre- 
sentative example y = 0.5 (red circles). For only 
contact interactions y = 0, the renormalized 
Fermi velocity decreases with decreasing A;, 
with a kink at A; ~ 1. There is no available 
theory for this behavior. The blue dashed line 
shows a phenomenological three-parameter 


fitting function used to capture this numerical 
finding (16). Including the long-range component, 
the dominant effect is an overall upward shift 
in the curve (as already discussed in Fig. 2). 
However, at large A;,, we notice another subtle 
difference. The Hubbard model always shows 
the renormalized velocity to be a monotonically 
decreasing function with decreasing A; but 
with long-range interactions, the dependence 
is nonmonotonic. This observation suggests 
that the logarithmic increase in Fermi velocity 
persists into the strong-coupling regime, but 
the weak increase is masked by the strong de- 
crease induced by the short-range Hubbard 
interaction. To check this, we obtain the black 
curve in Fig. 3B by adding the Hubbard results 
(blue dashed line in Fig. 3B) to the parameter- 
free lattice perturbation theory results (black 
line in Fig. 3A) shifted linearly with y just like 
we did for the black lines on the right-hand 
side of Fig. 2, but here, instead of using the 
lowest-energy quantum Monte Carlo results 
to do this shift, we use the highest-energy data. 
Details of the fitting procedure are explained 
in section 8 of (16). The key insight here is that, 
although the effect of the logarithm is not ob- 
servable at Ag, it can be extracted at larger val- 
ues of A;,. 

In Fig. 3B, the increase in the quantum Monte 
Carlo data (red circles) with decreasing A;— 
associated with the infrared divergence—is 
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weaker than that predicted by the lattice per- 
turbation theory (black curve). This weaker di- 
vergence is also anticipated by looking at the 
structure of the terms in a perturbation theory 
expansion about the Gross-Neveu fixed point 
[see eq. S32 of (16)]. These insights suggest fit- 
ting for the logarithm at large A;,. Figure 3C 
shows a blowup of the region around A;, = 2, 
where a single adjustable parameter Agus = 
70 + 20 captures this increase. The subscript 
RHS (right-hand side) indicates that the scale 
dependence of the Fermi velocity close to the 
Gross-Neveu critical point (or right-hand side 
of Fig. 2) is different from that at weak cou- 
pling, that is, Fig. 3A or the left-hand side of 
Fig. 2. As a representative example, the red data 
points and curve in Fig. 3B show our quantum 
Monte Carlo data and an analytical first-order 
perturbation theory at the Gross-Neveu critical 
point with the fit parameter A;, for the case of 
y = 0.5 [other values of y are shown in fig. S10 
of (16)]. The agreement between the theory and 
quantum Monte Carlo data is good. Moving 
away from the Gross-Neveu critical line, we ob- 
serve that for the Hubbard model data (y = 0), 
the parameter C, discussed in association with 
Fig. 2 also gets a linear shift with energy scale. 
This introduces one additional parameter in 
the phenomenological model, that is, Cy(A;) = 
C,(0.48) — (0.92 + 0.06)(A;, — 0.48), where the 
slope was determined also by looking at the 
full quantum Monte Carlo dataset. Therefore, 
combining this final observation for C,(A;,) with 
the fits already shown in Fig. 2 [i.e., dependence 
of Fermi velocity on U/U,(ao9)] and Fig. 3 (i.e., 
dependence on A;), we can now extrapolate 
[see eq. S37 of (6)] our quantum Monte Carlo 
findings to any value of oo, U, and A;, thereby 
making predictions for realistic Dirac fermions 
at any experimental scale. 


Implications for experiments 


Our results on the role of electron-electron inter- 
actions apply to any Dirac fermion system for 
which one can define the short-range compo- 
nent of the Coulomb interaction U, its long- 
range tail oo, and the experimental probe energy 
scale A;. However, in Fig. 4, we use our results 
to make predictions for graphene, because the 
coupling constant for graphene Dirac fermions 
Oo = e”/(Khvp) can be tuned by using substrates 
of different dielectric constants «, with e and h 
being the elementary charge and Planck’s con- 
stant h divided by 2z, respectively. The on-site 
potential for realistic graphene is about U = 3.0 
(16). Our results apply only at half-filling. How- 
ever, in real materials, carrier density inhomo- 
geneity makes the Dirac point inaccessible 
experimentally (37). We use this degree of spatial 
inhomogeneity to define the experimental probe 
scale Ay; = \/17ms and use the root mean square 
(rms) of the carrier density 7,.,, in Fig. 4 (instead 
of A;,) for ease of comparison with experimen- 
tal results. For the most typical situation of 
graphene on a substrate, typical measured Fermi 
velocities are 1.1 x 10° to 1.3 x 10° m/s (12); how- 
ever, ab initio calculations predict 0.87 x 10° m/s 
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[see, for example, (32)]. This notable discrepancy 
between theory and experiment has been largely 
unresolved in the literature—a notable excep- 
tion is (32), where an ab initio density func- 
tional theory-GW calculation was used that 
agrees precisely with our result at our sim- 
ulation scale, but their spectrum became unphy- 
sical for mms $3 x 10" em™. In our calculations, 
this interaction-caused enhancement of the Fermi 
velocity (or, equivalently, suppression in coupling 
constant) can be seen directly in the left panel 
of Fig. 4. For example, at og = 1 and typical 
experimental energy scale mans = 1 x 10° em, 
we predict a = 0.65 + 0.03, corresponding to 
Fermi velocity of (1.34 + 0.07) x 10° m/s [see 
fig. S11 in (16)]. 

We predict that for topological insulator Bi,Se, 
(Gg = 0.05) or for graphene on metallic substrates, 
interactions enhance, rather than suppress, the 
coupling constant in the experimental window. 
This enhancement originates from the suppres- 
sion of Fermi velocities in the Hubbard model at 
the Gross-Neveu fixed point. The phenomeno- 
logical theory predicts that the coupling constant 
changes by less than 5% over the entire experi- 
mental window. Most surprisingly, for sufficiently 
small ao, we predict that flowing A;, closer to the 
Dirac point will result in an increase in o rather 
than the expected decrease. These predictions 
challenge the conventional wisdom on the role 
of electron-electron interactions in 2D Dirac 
fermions. On the other hand, for suspended 
graphene, or quantum corral-like graphene, we 
expect the experiments to be close to the weak- 
coupling fixed point, and, therefore, the RPA 
should work well in this regime. The mechanism 
for this nonuniversal behavior is curious: The 
lattice-scale physics that depends on experi- 
mentally tunable parameters like strain and 
choice of substrate regularizes the Dirac theory 
not only in the ultraviolet, as expected, but also 
at the infrared, which was unexpected. All these 
predictions can readily be tested with current 
experimental capabilities. 
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THERMAL CONDUCTIVITY 


Experimental observation of high 
thermal conductivity in 


boron arsenide 


Joon Sang Kang, Man Li, Huan Wu, Huuduy Nguyen, Yongjie Hu* 


Improving the thermal management of small-scale devices requires developing materials 
with high thermal conductivities. The semiconductor boron arsenide (BAs) is an attractive 
target because of ab initio calculation indicating that single crystals have an ultrahigh 
thermal conductivity. We synthesized BAs single crystals without detectable defects and 
measured a room-temperature thermal conductivity of 1300 watts per meter-kelvin. Our 
spectroscopy study, in conjunction with atomistic theory, reveals that the distinctive band 
structure of BAs allows for very long phonon mean free paths and strong high-order 
anharmonicity through the four-phonon process. The single-crystal BAs has better thermal 
conductivity than other metals and semiconductors. Our study establishes BAs as a 
benchmark material for thermal management applications and exemplifies the power of 
combining experiments and ab initio theory in new materials discovery. 


he decreasing size of modern electronics 

makes heat dissipation one of the most crit- 

ical technological challenges. The worldwide 

semiconductor industry, which has powered 

the information technology revolution since 
the 1960s, acknowledged in 2016 that Moore’s law 
is nearing its end (7). A major issue is the enor- 
mous amount of waste heat generated during 
electronic device operation (2, 3). For example, 
a U.S. data center devotes about 50% of its total 
electricity use to cooling (4). At the nanoscale, the 
power density of hot spots in current transistors is 
approaching that of the Sun’s surface (5). Low 
thermal conductivity and heat dissipation rates 
severely degrade the performance and energy effi- 
ciency of electronic and photonic devices. Thermal 
management is arguably the biggest roadblock for 
next-generation devices, such as microprocessors 
and integrated circuits, light-emitting diodes, and 
high-power radio frequency devices, to name just 
a few (J, 5). 

Discovering high thermal conductivity (HTC) 
materials is needed to enable efficient heat dissi- 
pation from hot spots and improve device per- 
formance. So far, much of the research has been 
focused on carbon-based crystals—diamond, gra- 
phene, and carbon nanotubes. Although these 
materials can have exceptional heat transfer 
properties, there are several drawbacks for 
widespread use. Diamond, the most developed 
material for passive cooling of high-power elec- 
tronics, suffers from high cost, slow synthesis 
rates, low quality, and challenging integration 
with semiconductors. Degradation of thermal con- 
ductivity plagues graphene and nanotubes when 
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assembled into practical sizes, owing to ambient 
interactions and disorder scattering. Their intrinsic 
anisotropy creates other challenges for applications. 

Fundamentally, understanding the origins of 
HTC remains a challenge. The conventionally ac- 
cepted criteria for HTC materials are (i) small 
average atomic mass (J); (ii) strong interatomic 
bonding; (iii) simple crystal structure; and (iv) 
low anharmonicity (6-8). Criteria (i) and (ii) im- 
ply a large Debye temperature (Op) and provide 
the commonly used rule of thumb that thermal 
conductivity increases with decreasing M and 
increasing Op. Diamond is the prototypical crys- 
tal. Diamond’s two-atom primitive unit cell, light 
carbon mass, and stiff covalent bonding result in 
an exceptionally high value for thermal conduc- 
tivity. Recent ab initio calculations show excellent 
agreement with the measured thermal conductiv- 
ity of a wide range of materials (8-16), including 
silicon, diamond, graphene, and carbon nano- 
tubes. Such calculations provide new physical 
insights into the nature of phonon thermal 
transport and the HTC mechanism. 

Recent ab initio theoretical work indicates that 
the conventional criteria for HTC materials are 
incomplete and points to new ones stemming 
from fundamental vibrational properties that can 
lead to HTC (8, 16-18). These new criteria applied 
to binary compounds are (i) a large mass ratio of 
constituent atoms; (ii) bunching together of the 
acoustic phonon branches; and (iii) an isotopi- 
cally pure heavy atom. The large mass ratio pro- 
vides a large frequency gap between acoustic and 
optical phonons (a-o gap). According to materials 
examined thus far, bunching of the acoustic pho- 
non dispersions tends to occur in crystals with 
light constituent atoms, such as boron and car- 
bon, where it derives from an unusual inter- 
atomic bonding that lacks core p electrons (19). 


Criteria (i) and (ii) contribute to unusually weak 
phonon-phonon scattering (20) and a large intrin- 
sic thermal conductivity, whereas criteria (i) and 
(iii) cause relatively weak scattering of phonons 
by isotopes (21, 22). The ab initio theory identified 
the III-V zinc-blende compound, defect-free boron 
arsenide (BAs), as having an exceptionally high 
thermal conductivity of more than 1000 W/m-K 
(8, 16-18). This predicted HTC exceeds that of 
most state-of-the-art HTC materials and more 
than triples that of the current industrial HTC 
standard, i.e., silicon carbide. BAs possesses an 
advantageous combination of properties that 
incorporates both conventional (light boron mass 
and stiff, almost pure, covalent bonding) and new 
criteria [large arsenic-to-boron mass ratio, bunch- 
ing together of its acoustic phonon branches, and 
isotopically pure As (heavy) atom] (8, 16-78). 

Experimental efforts to synthesize and char- 
acterize BAs have been scarce (17). Although the 
growth of cubic BAs was reported in the 1950s, 
its detailed structural characterization and prop- 
erties were not reported (23-28). Generally, boron- 
related materials are notably difficult to obtain 
in dense bulk form (29). The synthesis of BAs is 
further complicated by the high volatility of ar- 
senic and the introduced vacancy defects, as 
well as the possible formation of subphases 
(e.g., By2ASz). In a collaborative effort, we reported 
the earliest thermal measurements on cubic 
BAs using the time-domain thermoreflectance 
technique (30). Our thermal conductivity value 
of 190 W/m-K measured in BAs samples with a 
high density of defects is far below the theoret- 
ical expectation. Later study made improvement, 
but the samples still show defects and grain 
boundaries that degraded the crystal quality and 
thermal properties (37). On the basis of subse- 
quent analysis and calculation, defect scattering 
plays a dominant role in those samples, which 
makes probing the actual intrinsic thermal con- 
ductivity of BAs impossible in the absence of high- 
quality BAs crystals (32). 

Here, we synthesized high-quality single-crystal 
BAs and measured an ultrahigh thermal conduc- 
tivity of 1300 W/m-K in our BAs crystals. This 
value exceeds that of most HTC materials and is 
consistent with the ab initio prediction (8, J6-18). 
We characterized our samples with scanning elec- 
tron microscopy, Raman spectroscopy, powder 
x-ray diffraction (P-XRD), single-crystal x-ray 
diffraction (S-XRD), and high-resolution trans- 
mission electron microscopy (HRTEM). BAs has 
a zinc-blende face-centered cubic (fcc) crystal 
structure in the F43m space group, where boron 
and arsenic atoms are interpenetrating and co- 
valently bonded to form a tetrahedral geometry 
(Fig. 1A). The Raman spectroscopy data (Fig. 1C) 
clearly show two peaks, at 700 and 720 cm™’, 
corresponding to the separate vibrational be- 
haviors of two boron isotopes (°B and ™B) in 
their natural abundance, respectively. The P-XRD 
peaks that we observed (Fig. 1D) are in agreement 
with the zinc-blende fcc crystal structure. Our 
S-XRD confirmed the F43m space group and the 
crystal quality, and was performed to unambig- 
uously verify the single domain, single-crystalline 
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nature over entire crystals (33). Each of the re- 
flections in the x-ray diffraction pattern (Fig. 1E) 
appears clearly as a single dot without distortion, 
indicating that the sample has no grain bounda- 
ries. To collect a complete dataset of all recipro- 
cal lattice points through the whole crystal, we 
rotated BAs samples over 360° under x-ray ex- 
citation and collected diffraction data at every 
0.3° rotation. The reconstructed reciprocal lattice 
images from the S-XRD [see [100] plane in Fig. 1F 
and (34)] confirms the single-domain, single- 
crystalline zinc-blende fcc structure with a cubic 
lattice constant of 4.78 A over the entire BAs 
sample. We used a focused ion beam to thin 
samples to ~100 nm for HRTEM (Fig. 1G). HRTEM 
images (Fig. 1H) clearly demonstrate the atom- 
ically resolved single-crystal lattice of our BAs 
sample. The reciprocal lattice peaks obtained 
from two-dimensional Fourier transforms of the 
lattice-resolved image (inset to Fig. 1H) were in- 
dexed in the zinc-blende structure with the zone 
axes along the [111] direction. The measured 
distance between each fringe is 1.69 A, which is 
consistent with (202) lattice spacing of BAs crys- 
tals (23) given the diffraction selection rules (35). 

We characterized the thermal properties and 
phonon transport using ultrafast optical pump- 
probe spectroscopy based on the time-domain 
thermoreflectance (TDTR) technique (15, 30, 36). 
TDTR is well suited for the study as no phy- 
sical contact is required with the sample and 
the measurement can provide high spatial reso- 
lution at the micrometer scale. We exposed our 
sample to a train of short pulses from a pump 


Fig. 1. Structural characterizations of single-crystal BAs. (A) Sche- 
matic of the zinc-blende crystal structure of cubic BAs, resembling that 
of diamond. (B) Scanning electron microscope (SEM) image of BAs. 
Scale bar: 5 wm. (©) Raman spectra of BAs crystals. (D) Powder x-ray 
diffraction measurements. (E) Single-crystal x-ray diffraction image of 
BAs. (F) Constructed reciprocal lattice of BAs from the complete dataset 
of single-crystal x-ray diffraction measurements, representing a clear 
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laser that creates a temperature rise at the 
sample surface (Fig. 2A). The transient temper- 
ature decay, caused by the heat impulse, was 
monitored with another probe pulse that is 
delayed in time with respect to the pump using 
a mechanical delay stage. The thermal conduc- 
tivity was obtained by fitting the full transient 
decay curve, acquired by varying the time delay, 
to a thermal model (Fig. 2B). We measured a 
room-temperature thermal conductivity of our 
high-quality BAs crystals of ~1300 W/m-K. This 
value exceeds that of any known metal and semi- 
conductor and is more than three times as high 
as that of industrial standards (copper and sili- 
con carbide). 

We simultaneously performed TDTR measure- 
ments on single-crystal BAs, diamond, and cubic 
boron nitride (BN) samples to ensure accuracy and 
provide direct comparison between the materials 
(34). We measured the temperature-dependent 
thermal conductivity of these samples from 300 
to 600 K (Fig. 2C). Our thermal conductivity val- 
ues for diamond (from 2200 to 1050 W/m-K for 
the temperature range) are consistent with val- 
ues from the literature (37-39) and validate our 
approach. All samples had decreased thermal 
conductivities with increased temperature, indi- 
cating Umklapp scattering due to increasing 
phonon population. This also indicates a high 
single-crystal quality as phonon-defect scatter- 
ing behavior is not observed. The thermal con- 
ductivity of BAs is almost twice that of cubic BN, 
making BAs the second-highest thermally con- 
ducting material among all known isotropic 


materials, exceeded only by diamond. As a semi- 
conductor, BAs has a high potential for manu- 
facturing integration and holds promise for 
thermal management applications. 
Fundamentally, thermal transport in solids 
can be described by the interactions of phonons, 
i.e., the quantum-mechanical modes of lattice 
vibrations (6). Thermal conductivity results from 
phonon scattering processes that are closely rel- 
ated to the structure of materials. Phonon scatter- 
ing usually includes Umklapp phonon-phonon 
scattering (ty), phonon-electron scattering (tph-c), 
mass fluctuation scattering (ty), and boundary 
scattering (tg) that can be characterized by the 
following relaxation rate 1/t (t is the correspond- 
ing relaxation time): 
1 1 1 1 I (1) 


Tph-e ™ 1B 


Previous research indicates that the last two 
terms of this equation—ty and tg—play impor- 
tant roles in the thermal conductivity of crystals 
with defects and grain boundaries (32). tone is non- 
negligible for doped semiconductors, or metals 
with sufficiently high electron density. Notably, 
the first term of the equation—ty,—describes the 
thermal conductivity of perfect single crystals with- 
out any defects, and therefore is expected to be 
the dominant transport mechanism in our high- 
quality BAs single crystals. However, a persistent 
fundamental question regarding the high-order 
phonon anharmonicity, in particular for BAs, 
remains in the field of atomistic phonon theory. 
For many decades, thermal transport in solids 
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single-crystal reciprocal space over the entire crystal. The lattice constant 
was measured as 4.78 A for cubic BAs. (G) SEM image of a BAs 

sample thin slice (~100 nm) prepared by focused ion beam for HRTEM 
studies. Scale bar: 3 um. (H) HRTEM image of BAs showing atomically 
resolved lattices. Inset: Two-dimensional Fourier transforms of the image 
depicting the [111] zone axes of BAs; the arrow indicates the crystal 
direction of (202). Scale bar: 2 nm. 
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was considered to be governed by the three-phonon 
scattering process (6, 40), and the effects of four- 
phonon and higher-order scattering processes 
were believed to be negligible. The three-phonon 
scattering was deployed in the initial ab initio 
calculations of the BAs thermal conductivity (8), 
but according to recent theory (16, 41), the four- 
phonon scattering is important in certain mate- 
rials such as BAs. The two density functional 
theory (DFT)-based calculations predict different 
thermal conductivity values for BAs. We com- 
pared our experimental measurements at differ- 
ent temperatures with two DFT theory predictions 
(Fig. 2D). In addition, to compare and exclude 
the effect of point defects, we performed three- 
phonon DFT calculation with vacancies (34) and 
included it in the figure. We found that our ex- 
perimental results are in good agreement with the 
four-phonon DFT calculation, verifying that the 
Umklapp phonon scattering dominates phonon 
interactions. Moreover, our experiments indicate 
that, unlike in most materials, the probability of 
higher-order phonon scattering in BAs is impor- 
tant and cannot be ignored even around room 
temperature. The high-order anharmoniciy that 
we observed for BAs is due to its distinctive band 
structure (i.e., large a-o gap and large mass ratio) 
that leads to a relatively weak three-phonon pro- 
cess and provides sufficient numbers of pos- 
sible four-phonon scattering configurations. 
Another important phonon mechanism for HTC 
in BAs is the unique phonon mean free path 
(MFP) spectra that come from its extraordinary 
phonon band structure. MFPs represent the char- 
acteristic lengths corresponding to the distance 
over which heat carriers transmit thermal energy 
before being scattered; in general, MFPs can 
span several orders of magnitude—usually from 


Fig. 2. Temperature-dependent thermal 
transport measurements. (A) Schematic of 
the setup for ultrafast pump-probe spectros- 
copy via the time-domain thermoreflectance 
(TDTR) technique. (B) Typical TDTR data: 
thermal reflectance phase signal versus time 
(red circles), fitted to the thermal transport 
model (blue line). Calculated curves (black 
dashed lines) with the thermal conductivity 
changed by +10% of the best values to illustrate 
measurement accuracy. (C) Temperature- 
dependent (300 to 600 kK) thermal conductivity 
of the three materials with the highest 

thermal conductivities: diamond, BAs, and 
boron nitride (BN). Black squares, red circles 
and blue triangles indicate cubic BN, BAs, and 
diamond, respectively. Also shown are literature 
data for diamond [open blue circles (38), 
squares (37), and triangles (39)]. (D) Experi- 
mentally measured thermal conductivity of 

BAs in comparison to ab initio predictions by 
DFT, considering the three-phonon scattering 
process (black dashed line) (8), the three- and 
four-phonon scattering process (blue dashed 
ine) (16), and the three-phonon scattering 
process with point defects (green dashed 

ine) (34). 
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~1nm to ~100 um. According to the ab initio 
theory, BAs has a large phononic band gap be- 
tween acoustic and optical phonon branches, 
which minimizes acoustic-optical phonon scatter- 
ing and leads to MFPs longer than those of most 
common materials. In particular, BAs phonons 
with MFPs longer than 1 um contribute to more 
than 90% of its total thermal conductivity (18). By 
comparison, for diamond and cubic BN, phonons 
with MFPs longer than 1 um only contribute to 
about 30% of their total thermal conductivity. To 
gain further insight and verify the phonon MFP 
distribution in BAs, we probed the phonon spec- 
tral contribution by exploiting the size-dependent 
ballistic transport (15). In essence, thermal con- 
ductivity represents the spectral contribution 
from many different phonon modes and can be 
quantified using the cumulative thermal conduc- 
tivity (42) expressed as 


Am 


k(Am) = J 50° UO: a(B) as (2) 


(0) 


where C, v, and A are the phonon mode ()- 
dependent heat capacity, group velocity, and 
phonon MFP, respectively. The cumulative ther- 
mal conductivity—«(A,,)—represents the contri- 
bution to the total thermal conductivity from all 
phonons with MFPs shorter than a certain value, 
Ay. This quantitative spectral information proj- 
ects the contributions to thermal conductivity 
into characteristic length scales and is key to 
understanding thermal properties in connection 
with atomistic phonon theory (42). 
Experimentally, this phonon MFP distribution 
information can be investigated by exploiting 
the ballistic (or nonequilibrium) heat conduction 
around a small heating area, with the physical 
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concept described in our recently developed ther- 
mal spectral mapping spectroscopy technique 
(Fig. 3A) (15, 36). In this measurement, hot pho- 
nons travel from the heated area into the un- 
derlying substrate material. The heat transfer 
regime is controlled by a characteristic thermal 
length, which is proportional to the heating size 
D, in comparison to phonon MFPs. In the dif- 
fusive limit, when D >> A, propagating phonons 
experience enough scattering to reach local ther- 
mal equilibrium. In this case, Fourier’s law accu- 
rately describes the transport and heat flux, and 
the thermal conductivity of materials is simply the 
bulk value (py). From the kinetic theory (6), 
the contribution to the total thermal conduc- 
tivity from a specific phonon mode is ky puk = 
3 Co -Uy + Ag. AS the heater size D decreases, 
phonons with D < A will have fewer opportu- 
nities to scatter. In the ballistic limit (D << A), 
phonons propagate analogously to the thermal 
radiation over the whole region with a charac- 
teristic length of ~D. Therefore, the actual heat 
flux will deviate from the Fourier’s law predic- 
tion for the quasi-ballistic, or ballistic, regimes 
(Fig. 3A). Mathematically, the actual heat flux is 
measured and fitted to Fourier’s law to obtain an 
effective thermal conductivity (ke), which grad- 
ually decreases in value for smaller Ds, as a 
higher portion of phonons evolves from diffusive 
to ballistic transport. The decrease in Ke (D) re- 
presents MFP spectra and should follow the same 
trend in «(A,,). Therefore, the size-dependent 
thermal conductivity measurement can provide 
a fundamental understanding of such MFP spec- 
tra, although the exact relationship between Keg; 
and D requires careful atomistic and multiscale 
simulations and is a function of the heating ge- 
ometry and materials (15, 36). 
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Fig. 3. Probing phonon mean free path spectra of BAs through size-dependent ballistic 
transport. (A) Schematic of heat flux for a fixed temperature difference as a function of the Knudsen 
number. Red and blue lines indicate the actual heat flux and the flux predicted by Fourier’s law, 
respectively. Insets show that the thermal transport evolves from a diffusive to a ballistic regime 
when the heating size is gradually reduced. When the actual heat flux was measured and fitted to 
Fourier’s law to obtain an effective thermal conductivity (Ker), a gradual reduction in Ker Was 
expected with a decreasing heating size. Essentially, the «er decrease is due to the evolution from 
diffusive to ballistic transport for the phonons with a mean free path comparable to the heating size, 
and thereby represents the phonon MFP spectra. (B) The normalized effective thermal conductivity 
was measured for the three best thermal conductors (BAs, diamond, and BN), as a function of 
heating diameters from 21 to 1.6 um. Experimental results, compared with the MFP spectra 
calculated with DFT (8, 16, 18), indicate that in BAs, a large portion of phonons have long mean free 
paths, owing to the distinctive band structure of BAs. 


In our experiments, the laser beam served as 
the heater, and we measured the effective thermal 
conductivity of materials by varying the laser 
heating size from 21 to 1.6 um. The thermal con- 
ductivity of BAs, diamond, and cubic BN were 
measured simultaneously as a function of the 
heating sizes (Fig. 3B). The results clearly show 
that ballistic transport occurs in all three mate- 
rials, but that their thermal conductivity decreases 
differ. For diamond and cubic BN, Keg decreases 
by ~26 and 23%, respectively, when reducing the 
laser heating size from 21 to 1.6 um. By compar- 
ison, under the same conditions, a strong thermal 
conductivity reduction of ~50% is observed for 
BAs, indicating that long MFP phonons contrib- 
ute substantially more to heat conduction in BAs 
crystals. Our measurements (Fig. 3B) are consist- 
ent with the DFT-predicted results for these ma- 
terials (8, 16, 18). Phonons with long phonon 
MFPs (1 to 10 um) contribute to a very high por- 
tion of BAs’s total thermal conductivity (>50%). 
By comparison, in most known materials, pho- 
non MFPs are distributed over a wider range 
(1 nm to 100 um). Thus, we demonstrated that 
the ultrahigh thermal conductivity of BAs orig- 
inates from the enhanced MFPs resulting from 
its distinctive phonon band structure. 

We experimentally observed an ultrahigh ther- 
mal conductivity of 1300 W/m-K at room temper- 
ature in synthetic high-quality single-crystal BAs. 
Our study verifies the prediction from ab initio 
theory and establishes BAs as a benchmark mate- 
rial with the highest isotropic thermal conduc- 
tivity of bulk metals and semiconductors. Our 
temperature-dependent data suggest that, unlike 
most common materials, high-order phonon an- 
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harmonicity strongly affects heat conduction in 
BAs. Furthermore, the phonon spectral contribu- 
tion to thermal conductivity, investigated by ex- 
ploiting the ballistic thermal transport, shows that 
compared to most materials, in BAs long phonon 
MFPs contribute to a substantially higher portion 
of the thermal conductivity. The investigation 
of fundamental transport mechanisms represents 
an important breakthrough in advancing the 
experiment-theory synergy for the rational de- 
sign of new materials. Looking to the future, 
the ultrahigh thermal conductivity of BAs, to- 
gether with its semiconducting nature and man- 
ufacturing integration, could revolutionize the 
current technological paradigms of thermal man- 
agement and possibly extend the roadmap for 
high-power electronics. 
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THERMAL CONDUCTIVITY 


High thermal conductivity in cubic 
boron arsenide crystals 


Sheng Li’, 


iye Zheng”*, Yinchuan Lv’, Xiaoyuan Liu’, Xiqu Wang’, 


Pinshane Y. Huang”, David G. Cahill”+, Bing Lv't 


The high density of heat generated in power electronics and optoelectronic devices is a 
critical bottleneck in their application. New materials with high thermal conductivity are 
needed to effectively dissipate heat and thereby enable enhanced performance of power 
controls, solid-state lighting, communication, and security systems. We report the 
experimental discovery of high thermal conductivity at room temperature in cubic boron 
arsenide (BAs) grown through a modified chemical vapor transport technique. The thermal 
conductivity of BAs, 1000 + 90 watts per meter per kelvin meter-kelvin, is higher than 
that of silicon carbide by a factor of 3 and is surpassed only by diamond and the 
basal-plane value of graphite. This work shows that BAs represents a class of ultrahigh— 
thermal conductivity materials predicted by a recent theory, and that it may constitute a 
useful thermal management material for high-power density electronic devices. 


hermal management is a major challenge 

for a wide variety of engineering systems 

(7-3). In particular, effective thermal man- 

agement often plays a determining role in 

the performance and reliability of high- 
power electronic and optoelectronic devices. A 
common component in a thermal management 
system is a high-thermal conductivity (A) mate- 
rial that can effectively conduct heat from a small 
high-power device to a larger heat exchanger 
that then dissipates heat to a working fluid. 
Diamond has the highest isotropic A of any 
bulk material (the room-temperature value is 
~2200 W/m:K) (4) and is sometimes used in 
demanding heat dissipation applications. Heat 
spreaders constructed from single-crystal dia- 
mond, however, are costly and can be produced 
in only limited sizes. The thermal conductivity of 
more cost-effective diamond films produced by 
chemical vapor deposition (CVD) is often substan- 
tially compromised by microstructural defects. 
Another material with a predicted A = 940 W/m-K 
at room temperature, cubic boron nitride (c-BN) 
(5), requires high-pressure, high-temperature syn- 
thesis conditions of 10 GPa and >2000°C. 

Cubic boron arsenide (BAs) is predicted to 
have ultrahigh thermal conductivity compara- 
ble to that of diamond (5). The main challenge 
in realizing the potential of this material is syn- 
thesizing high-quality crystals, as defects and 
impurities degrade the thermal properties. How- 
ever, BAs is an appealing candidate for thermal 
management for high-power density devices. 
BAs is chemically inert, with a coefficient of 
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thermal expansion (3.0 x 10-° K"}) similar to 
that of Si (2.6 x 10°° K) (6). BAs is also growth- 
compatible with GaN and GaAs (7), making it 
ideal for a variety of applications in the thermal 
management of high-power density devices. 

BAs adopts the cubic zincblende structure 
and is a semiconductor with band gap of ~1.5 eV. 
We synthesized single crystals of BAs by a 
modified chemical vapor transport method using 
high-purity source materials (B and As powders) 
and transport agents (8). Among the different 
vapor transport agents we investigated (I., Ho, 
Bro, and NH,I), we found that NH,I yielded the 
highest-thermal conductivity crystals. We opti- 
mized the ratio of starting materials and temper- 
ature profiles for our synthesis [see (9) and figs. 
S1 to S4 for the details of the synthetic approach 
and characterization of microstructure]. Growth 
runs and individual specimens are labeled with 
Roman numerals and lower-case letters, respec- 
tively (e.g., Ia). This helped us track variations 
between and within growth runs. 

We synthesized single crystals of cubic BAs 
and characterized the crystals with scanning 
electron microscopy (SEM) (Fig. 1A), Raman 
spectroscopy (Fig. 1B), and single-crystal x-ray 
diffraction (Fig. 1C). SEM showed that specimen 
Ia has a lateral dimension of ~0.5 mm and a 
large crystal facet parallel to the {111} crystal 
planes. Raman spectroscopy and single-crystal 
x-ray diffraction confirmed the zincblende struc- 
ture and high crystalline quality of the crystals. 
The strong Raman peak we labeled as P1 at 
698 cm” (Fig. 1B, inset), with its overtone at 
1398 cm“, corresponds to the T, longitudinal 
optical phonon. Because isotope disorder typi- 
cally does not generate a localized phonon mode 
(10), we attributed the P2 peak at 717 cm™ to 
scattering from the high phonon density of 
states at the L or W point in the Brillouin zone 
(11) that is induced by isotope disorder. In other 
words, isotope disorder partially relaxes the crys- 
tal momentum conservation rules and allows the 


peak corresponding to zone boundary phonons 
to appear in the one-phonon spectra. This as- 
signment is consistent with prior studies of the 
Raman spectra of Si, Ge, and diamond (12-14). 

We found high-quality single-domain crystals 
by means of single-crystal x-ray diffraction (XRD) 
on the selected crystals. We reconstructed a 
pseudo-precession photograph for the a*-b* 
plane pixel-by-pixel from complete sets of single- 
crystal XRD images (2178 frames) that we mea- 
sured with a scan width of Aw = 0.30° (Fig. 1C). 
We reconstructed precession photographs for 
other reciprocal lattice planes as well (fig. $2). 
The pseudo-precession photographs provide an 
undistorted image of layers of reciprocal space 
and a direct view of crystal quality (9). All of the 
detected reflections (circled spots) are derived 
from a single lattice; we did not observe any 
evidence for crystal twinning in samples grown 
using the conditions of specimen I. We observed 
twinning in crystals grown under different condi- 
tions (e.g., specimens Ib and IIIb) (figs. S3 and 
S4) (9). We further used selected-area electron 
diffraction, diffraction-filtered TEM, and annular 
dark-field scanning transmission electron micros- 
copy (ADF-STEM) to look for large-scale struc- 
tural defects (Fig. 1D and fig. S11). We did not 
detect grain boundaries or twinning in our high- 
quality single crystals, consistent with single- 
crystal XRD results. Because of damage caused by 
a focused ion beam (FIB) during sample prepara- 
tion and electron beam damage during imaging, 
we cannot make any conclusions about the po- 
tential presence of point defects in our samples. 

We measured the thermal conductivity of our 
crystals by time-domain thermoreflectance (TDTR) 
(15-17) on smooth facets of ~100 um. TDTR is a 
pump-probe optical metrology with a spatial 
resolution on the order of 10 pm, allowing for 
measurements on smooth-faceted crystals of 
less than 1 mm? (15, 18). We determined the 
thermal conductivity of BAs by comparing the 
time dependence of the ratio of the in-phase 
(Vin) and out-of-phase (V,,;) thermoreflectance 
signals from the lock-in amplifier with a ther- 
mal diffusion model (15). Determining A from 
TDTR data requires a model fit (9), for which we 
present the corresponding result for our highest- 
A samples (Fig. 2A). We used 1/e? intensity radii 
of 10.4 um for both the pump and probe laser 
beams to collect the data (Fig. 2, A and B). The 
thermal conductivity of BAs (A) and the thermal 
conductance of the interface between the trans- 
ducer layer (~80 nm Al) and BAs (G) are the two 
free parameters in the fit. The best fit of our 
experimental data for sample Ia gives A = 1000 + 
90 W W/m-K and G = 130 + 10 MW m” K (see 
fig. S7). We show our measurement sensitivity by 
fixing A at either 890 or 1090 W/m-K, and allow- 
ing G to vary (Fig. 2A). 

We measured the temperature-dependent 
thermal conductivity of BAs crystal specimens 
Ta, Ia, and Ila between 300 and 600 K (Fig. 2B). 
The 300 K A values are ~1000 W/m-K for Ia, 
~870 W/m-K for Ig, ~850 W/m-K for Ila, and 
~500 W/m-K for IIIa, respectively, which are 
much higher than the previously reported A 
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values of ~350 and ~200 W/m-K (8, 19, 20) (see 
table S1 for other specimens). The high A value 
of the best BAs crystal (Ia) also exceeds that of 
c-BN (~900 W/m-K), copper (~400 W/m-K) and 
4H SiC (~320 W/m-K along the ¢ axis). The thermal 
conductivity of BAs specimen Ia is lower than 
that of diamond by a factor of 2 (~2200 W/m-K) 
and graphite (in-plane direction, ~2000 W/m-K) 
(fig. S8) (4, 21-24). BAs has the second highest 
measured isotropic thermal conductivity among 
the known single-phase bulk metal and semi- 
conducting materials. 

We need to consider deviations from Fourier’s 
law (25, 26) in TDTR measurements of high- 
thermal conductivity crystals. Such deviations 
result from ballistic phonon transport in the 
sample and from a mismatch in the distribution 
of phonons that carry heat across the metal 
transducer-sample interface and the distribution 
of phonons that carry heat in the sample. A 
reduction in the characteristic length scales of 
the temperature gradient by decreasing the laser 
spot size (wg) or increasing the pump modula- 
tion frequency (f/ ) increases the percentage of 
low-frequency phonons with long mean free 
paths that are not in local equilibrium with 
high-frequency phonons. Such effects cause the 
apparent thermal conductivity (A,) derived from 
the thermal model using a small characteristic 
length scale to be less than the apparent thermal 
conductivity derived from the thermal model 
using a larger characteristic length scale (25). 

We measured A, as a function of spot sizes 
Wp, in TDTR for specimen Ia (Fig. 2C). As a re- 
sult of ballistic phonon transport, A, drops by 
approximately 30% as wW, decreases from 26.5 
to 2.7 um at 300 K. The difference between A, 
measured with wo = 10.4 um and with wg = 
26.5 um is ~7%, comparable to the typical un- 
certainty of TDTR measurements of thermal 
conductivity. We did not observe modulation 
frequency dependence in A, as we varied f from 
1.1 to 9.3 MHz. This suggested negligible inter- 
facial non-equilibrium effects (25). We used wo = 
10.4 um and f = 9.3 MHz in the measurements 
plotted in Fig. 2B to maintain an improved signal- 
to-noise ratio. We expect the spot size dependence 
of A, to be smaller at elevated temperatures 
where phonon-phonon scattering becomes stron- 
ger and phonon mean free paths decrease. 

We compared our measurements to the the- 
oretical prediction from first-principles calcu- 
lations based on three-phonon (3ph) scattering 
(5) and both three- and four-phonon (3ph + 4ph) 
scattering (Fig. 2B). Previous studies attributed 
the potential for high thermal conductivity of 
BAs to a large frequency gap between acoustic 
and optic phonons, in combination with the 
bunching of the acoustic phonon dispersions. 
The large acoustic-optic gap greatly limits the 
three-phonon scattering rate involving one op- 
tical and two acoustic phonons (5). However, 
such a gap does not forbid four-phonon scatter- 
ing processes between the acoustic and optical 
phonons, and a calculation found that four- 
phonon processes substantially reduced the 
predicted A at room temperature from 2200 to 
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1400 W/m-K (27). At elevated temperatures when 
intrinsic phonon-phonon scattering becomes im- 
portant (28), our measured values of A for Ia are 
comparable to the prediction based on 3ph + 4ph 
scattering. The measured thermal conductivity of 
Ia scales as A ~ T‘ in the temperature range 
300 to 600 K, close to the calculation including 
four-phonon scattering (approximately A ~ T°) 
and much stronger than the original calculation 
based on only three phonon processes (approxi- 
mately A ~ T~°%), 

Crystal imperfections and free carriers could 
both affect phonon thermal transport in semicon- 
ductors (28). Because the grain size determined 
by single-crystal XRD is much larger than the 
TDTR characteristic temperature length scale 
(9), and because we do not observe a high density 
of stacking faults in TEM, phonon scattering by 
boundaries should be negligible. On the other 
hand, we found that specimens with high hole 
concentrations of 1.9 x 10'° cm™ (Ie) and 1.1 x 
107° cm”? (Id) according to Hall measurements 
(fig. S10) have low A values of 130 and 110 W/m-K, 
respectively, much smaller than our best sample. 

Relative to the Raman spectra of the best 
specimen of Ia, specimens with high hole con- 
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centration such as Id (Fig. 3A) show asymmetric 
one-phonon P1 and P2 phonon peaks and stronger 
background intensity resulting from Fano inter- 
ference (i.e., the coherent interaction between 
a continuum of electronic excitations and a dis- 
crete optical phonon) (29, 30). To study the re- 
lation between the Raman spectra and A, and to 
avoid fitting for overlapping P1 and P2 peaks, 
we chose to use the integrated Raman intensity 
from 1050 to 1150 cm! (Agaman) Where the main 
contribution is from electronic Raman scatter- 
ing (31). The A values of BAs samples grown 
from several batches show clear correlation with 
the corresponding Apaman Values (Fig. 3B), and 
samples with high carrier concentration (Id and 
Te) indeed give large integrated Raman intensity 
and low A. In a single specimen with smooth 
facets, A and Raman spectra intensity are rel- 
atively uniform, with variations around 10% 
(see A and Apaman Map in figs. S9 and S11). Free 
carriers, presumably resulting from impurities 
or vacancies, thus may reduce the thermal con- 
ductivity in each BAs sample even in our best 
specimens (32). We cannot, however, rule out 
the contribution from other crystal defects (e.g., 
point defects and clusters of point defects) in 
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Fig. 1. Structural characterization of BAs crystals. (A) SEM image of BAs specimen la. (B) Raman 
spectrum of BAs specimen la with the intensity normalized to the excitation laser power (cps, counts 
per second). The inset shows the details near the T2 longitudinal optical phonon at the I point. Assignment 
of the second-order peaks is discussed in (9). (C) Precession image of the hkO layer integrated from 
complete sets of single-crystal x-ray diffraction frames, where all detected reflections are indexed 

as circled spots, suggests a high-quality single lattice in BAs specimen Ib. (D) ADF-STEM image of BAs 
specimen Ie along the [110] zone axis, showing the zincblende crystal structure. FIB-induced surface 
damage and carbon contamination during image acquisition are responsible for the low-frequency 
contrast modulation across the image. The image is a cross-correlated sum of several image frames; 
raw data are available in fig. S5. A cartoon of the BAs lattice (orange spheres, As; blue spheres, B) 

is overlaid on the STEM image (top right). Inset: Fast Fourier transform of the STEM image. 
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lowering A. In a high-A specimen such as Ia, 
however, theoretical predictions that relate de- 
fect density to A indicate that the point defect 
concentration should be low (33). Further im- 
proving the controllability of the carrier con- 


centration in the growth of BAs could be an 
important path for enhancing the yield of BAs 
with high A. Future development of large-scale 
fabrication of BAs films by CVD using gas pre- 
cursors may facilitate its widespread application 
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Fig. 2. Thermal conductivity measurement of BAs crystals. (A) TDTR ratio data [the ratio of 
the in-phase (Vi,) and out-of-phase (Vout) signals from the lock-in amplifier] measured using a 
laser spot size with 1/e? intensity radius of 10.4 um (circles) and model fitting (solid line) for BAs 
specimen la. Model curves using thermal conductivities 10% larger and 10% smaller than the 
best-fit thermal conductivity (dashed lines) are included to illustrate the measurement sensitivity. 
(B) Temperature-dependent A of the BAs specimen la (solid circles), Ig (triangles), Ila (open circles), 
and Illa (open squares) from 300 to 600 K using the same laser spot size as (A) and comparison 
with the predictions of first-principles calculations based on only three-phonon scattering (blue 
solid line) (5) and both three- and four-phonon process (red solid line) (27). (©) Spot size radius— 
dependent (apparent) thermal conductivity from TDTR for specimen la at 300 K. 
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Fig. 3. Raman spectra and thermal conductivity of BAs. (A) Raman spectra of three 
representative BAs specimens, la, Id, and If. Specimen Id is measured to have a carrier 
concentration of 1.1 x 10°° cm”? and a low thermal conductivity of 110 W/mK. The black dashed 
squares indicate the range of the frequency between 1050 and 1150 cm™ where the integration of 
the electronic Raman scattering intensity in (B), Araman, is performed. The inset shows the magnified 
Raman spectra of the samples in (A) near the one-phonon peaks. (B) Thermal conductivity of 

BAs crystals from several growth batches versus integrated Raman spectra intensity Araman. The 
data points for specimens in (A), the specimen on which we mapped A and Araman (Ig; see figs. S9 
and S11), and the specimens with measured hole concentrations (Id and le) are highlighted. 
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THERMAL CONDUCTIVITY 


Unusual high thermal conductivity 
in boron arsenide bulk crystals 


Fei Tian’, Bai Song”*, Xi Chen®*, Navaneetha K. Ravichandran*, Yinchuan Lv’, 

Ke Chen”, Sean Sullivan®, Jaehyun Kim®, Yuanyuan Zhou®, Te-Huan Liu”, Miguel Goni’, 
Zhiwei Ding”, Jingying Sun’, Geethal Amila Gamage Udalamatta Gamage’, Haoran Sun’, 
Hamidreza Ziyaee®, Shuyuan Huyan’, Liangzi Deng’, Jianshi Zhou”®, Aaron J. Schmidt’, 
Shuo Chen’, Ching-Wu Chu””, Pinshane Y. Huang”°, David Broido*+, Li Shi?*, 


Gang Chen?+, Zhifeng Ren"{ 


Conventional theory predicts that ultrahigh lattice thermal conductivity can only occur in 
crystals composed of strongly bonded light elements, and that it is limited by anharmonic 
three-phonon processes. We report experimental evidence that departs from these long-held 
criteria. We measured a local room-temperature thermal conductivity exceeding 1000 watts per 
meter-kelvin and an average bulk value reaching 900 watts per meter-kelvin in bulk 

boron arsenide (BAs) crystals, where boron and arsenic are light and heavy elements, 
respectively. The high values are consistent with a proposal for phonon-band engineering 

and can only be explained by higher-order phonon processes. These findings yield insight into 
the physics of heat conduction in solids and show BAs to be the only known semiconductor 


with ultrahigh thermal conductivity. 


aterials with high thermal conductivity 

(1c) can help to address a range of grand 

technological challenges, such as keep- 

ing nanoelectronic devices cool by remov- 

ing the high-density heat generated within 
them. At room temperature (RT), diamond and 
graphite, the two carbon allotrope bulk crystals, 
have a record high « of about 2000 W/m-K (J-4). 
However, high-quality natural diamond is scarce 
and expensive. Although future technological ad- 
vances may help to alleviate the cost of high- 
quality synthetic diamond, the large mismatch 
in the coefficient of thermal expansion between 
diamond and common semiconductors can in- 
troduce large thermal stresses. The « of graphite, 
moreover, is highly anisotropic, with the cross- 
plane value being two orders of magnitude 
smaller than the corresponding in-plane value 
(1). The thermal anisotropy and the weak inter- 
layer bonding have limited the use of graphite 
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for thermal management. In addition, the large 
bandgap of diamond and semimetallic behavior 
of graphite prevent their use as active electronic 
materials. Common electronic materials such as 
copper and silicon have a RT « of about 400 and 
150 W/m-K, respectively (D, which are well below 
the diamond value. The highest measured RT « 
values for semiconductors are about 490 W/m-K 
in silicon carbide (5) and 460 W/m-K in boron 
phosphide (6). Although these values are com- 
parable to the highest electronic contribution 
to « in metals, it is desirable to discover semi- 
conductors with values of « comparable to the 
ultrahigh value for diamond. 

In semiconductors and nonmagnetic insula- 
tors, the thermal conductivity is dominated by 
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the phonon contribution. Thermal conductivity 
is typically limited by the lowest-order process 
arising from the anharmonicity of the interatomic 
potential, three-phonon scattering, at and above 
RT (7). According to the criteria established by 
Slack about half a century ago (2), only crystals 
composed of strongly bonded light elements 
should exhibit ultrahigh x. However, Lindsay, 
Broido, and Reinecke recently proposed that ultra- 
high « could be achieved in compounds that 
combine a light and a heavy atom if (i) the 
frequency gap between heat-carrying acoustic 
phonons and optic phonons is sufficiently large 
and (ii) some of the acoustic phonons with dif- 
ferent polarizations have regions of similar fre- 
quencies away from the Brillouin zone center. 
First-principles calculations supported this 
phonon-band engineering concept in predicting 
that cubic boron arsenide (BAs) should have a 
RT « of around 2000 W/m-K when only three- 
phonon interaction is considered (8, 9). Sub- 
sequent theoretical calculations found that 
four-phonon scattering would lower the cal- 
culated RT « in BAs to about 1400 W/m-K (10), 
which is still exceptionally high, but surprising, 
because three-phonon scattering accurately de- 
scribes the measured « data for many semicon- 
ductors and insulators, and higher-order processes 
are expected to be weak at RT. 

Synthesis of high-quality BAs bulk crystals has 
proved challenging, which has prevented ex- 
perimental verification of the unusual predicted 
transport properties. Several measurements have 
captured RT « values of only 200 to 350 W/m-K in 
small BAs particles (J1-13). The inability to 
measure an ultrahigh « for BAs has limited adop- 
tion of the phonon-band engineering strategy as a 
viable route for achieving ultrahigh «, and the 
possibility of higher-order phonon processes sup- 
pressing « has remained. 

We report experimental evidence that validates 
the phonon-band engineering route. We grew 
BAs bulk crystals from seed microparticles in a 


Fig. 1. STEM characterizations of BAs. (A) Annular dark-field STEM image within one grain of 
BAs, looking down the [110] zone axis. (B) Low-magnification bright-field TEM image near the 
surface of the BAs crystal. Horizontal lines indicate the locations of mirror twin boundaries. 

(C) Annular dark-field STEM image showing the atomic structure of the mirror twin boundary 

from the region highlighted by the red box in (B). (D) Electron diffraction pattern of BAs within a 
single grain. (E) Electron diffraction pattern of BAs across the grain boundary, showing the presence 


of the mirror twin. 
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Fig. 2. TDTR and FDTR measurements. (A) Representative TDTR 

phase signals and best-fitted curves for a diamond crystal acquired from 
Element Six and a BAs crystal at different temperatures. The diamond 
sample has the natural carbon abundance (1.1% '8C) and a low level of 
boron [<0.05 parts per million (ppm)] and nitrogen (<1 ppm) impurities. 
The 300 K data are averaged over 200 and 140 runs at the same location 


chemical vapor transport (CVT) process. Local 
measurements of low-defect regions obtained 
a RT « exceeding 1000 W/m-K, whereas multiple 
local and bulk transport measurement methods 
yielded average RT « values of about 800 and 
900 W/m-K for two bulk crystal samples. The 
bulk crystal has a high « despite twin boundaries 
and other defects known to decrease «. Both the 
peak and average « values show a rapid decrease 
with increasing temperature, which is a signature 
of lattice anharmonicity. This behavior agrees with 
our detailed first-principles theoretical model that 
included both three- and four-phonon interactions. 

Previously reported efforts to synthesize BAs 
yielded only particles with maximum dimensions 
less than about 500 um (J/-13). Because bulk-size 
crystals are required for device applications, 
we investigated a seeded CVT growth mechanism 
for the synthesis of bulk BAs crystals. In this 
approach, we used small single BAs crystals with 
a lateral dimension of a few micrometers as 
seeds to ensure that the nucleation centers were 
sparse and under control during the growth pro- 
cess (13, 14). We optimized seed-crystal quality 
and distribution to obtain BAs crystals as large as 
about 4 mm by 2 mm by 1 mm within a 14-day 
period of seed growth followed by another 14-day 
period of crystal growth from the chosen seed 
crystals (15). This increased crystal size allowed 
us to use transport measurement techniques 
established for bulk samples. Increasing the 
growth time would increase the crystal size. To 
probe the crystal structure of the BAs, we ob- 
tained an aberration-corrected, annular dark- 
field scanning transmission electron microscopy 
(STEM) image (Fig. 1A) and a low-magnification 
bright-field TEM image (Fig. 1B) of represent- 
ative crystals. We found planar defects (Fig. 1B) 
that were mirror twin boundaries (Fig. 1, C to E). 
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We discovered unusually high but nonuniformly 
distributed « in these BAs crystals by using time- 
and frequency-domain thermoreflectance (TDTR 
and FDTR) techniques with micrometer resolu- 
tion (16-18). We used a large 58-m-diameter 
pump laser spot and a small 9-1m-diameter probe 
laser spot in conjunction with a relatively low 
modulation frequency of 3 MHz to improve the 
TDTR measurement accuracy (15). For both the 
pump beam and probe beam, the diameter quoted 


Pump modulation frequency (Hz) 


for diamond and BAs, respectively. The data for BAs at higher 
temperatures are averages of about 10 runs and show slightly increased 
noise. (B) Representative FDTR signal phase as a function of the pump 
modulation frequency measured on a BAs crystal, diamond, sapphire, 
and fused silica. The phase lag between the probe and the pump increases 
with decreasing sample x. 


Fig. 3. Measured thermal conductivity of BAs in 
comparison with values from theoretical 
calculations and other crystals. Calculated « 
versus temperature for BAs (black) and diamond 
(green) including only three-phonon scattering 
(dashed lines) and both three- and four-phonon 
scattering (solid lines); measured « for diamond by 
TDTR (green diamonds); measured « for BAs 
samples 1 (solid red symbols) and 2 (open red 
symbols) by TDTR; measured « for sample 3 by 
FDTR (solid orange star, mean value), steady-state 
(SS; open blue squares), and lock-in Raman 

(open brown square) methods; and measured « for 
sample 5 by the steady-state method (solid blue 
squares). Also shown are the fits to measured 
steady-state and TDTR x for BAs (blue and red solid 
lines, respectively) and reported measured x for 
GaN (21) and GaAs (22) (magenta and purple 
triangles, respectively). The error bars for the TDTR 
and FDTR data represent one standard deviation 
and were obtained via Monte Carlo simulations and 
derivative matrix-based analysis of uncertainty 
propagation, respectively (15). The error bars for the 
steady-state and lock-in Raman measurements 
were calculated by propagating random errors at 
95% confidence and combining them with 
systematic errors (15). 


here is the 1/e” diameter of the Gaussian beam. 
We used the same TDTR platform and param- 
eters to measure the « of a synthetic diamond 
crystal (Figs. 2A and 3). The values that we 
measured for diamond are in good agreement 
with theoretical calculations and literature 
values (1-4). Among the single-spot measure- 
ments at five locations on BAs sample 1, the 
highest and lowest RT « values were 1160 + 130 
and 640 + 70 W/m-K, respectively. Among the 
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10 single-spot TDTR measurements on sample 
2, RT « values ranged from 790 + 100 to 450 + 
60 W/m-K. We found a sharp decrease in « as 
temperature increased to 500 K at the location 
on sample 1 where we found our maximum « 
(Fig. 3). We found the same behavior at a loca- 
tion on sample 2 with a RT « of 740 + 110 W/m-K 
(Fig. 3). This temperature behavior is consistent 
with dominant anharmonic phonon-phonon 
scattering. At the same sample 1 spot where 
our TDTR measurements yielded the highest 
k, our single-spot FDTR measurements obtained 
a « of 1310 + 740 W/m-K, where the large un- 
certainty is due to the use of a small 3.36-um- 
diameter pump beam and 2.60-um-diameter 
probe spot to measure the high-« region (19). We 
observed no spot-size dependence of « when 
we increased the pump and probe laser spot 
sizes to 5.60 and 4.80 um, respectively. 

The increased size of the bulk BAs crystals al- 
lowed us to make steady-state comparative mea- 
surements of the bulk « (Fig. 4A) (15). Without 
accounting for the contact thermal resistance 
errors between the thermocouples and the 
sample, we obtained a «x of 770 + 100 W/m-K 
at 305 K on a 0.1 mm by 0.2 mm by 2 mm bar 
cut from sample 3. The thermal conductivity 
increased with deceasing temperature. In com- 
parison, we obtained an average value of 820 + 
140 W/m-K with FDTR at 14 locations on another 
piece cut from sample 3 (Fig. 3). We addressed 
the uncertainty due to contact resistance by 
using a lock-in Raman thermometry approach 
with a sinusoidally modulated heating current 
at a low modulation frequency (v) of about 
1 mHz (15). A fast Fourier transform of the mea- 
sured Raman peak shift shows clear modulation 
at the second harmonic frequency corresponding 
to the Joule heating frequency (Fig. 4B), which 
we used to measure the temperature drops along 
the Si and BAs bars (Fig. 4A). The Raman mea- 
surements obtained similar temperature gradients 
as the thermocouple measurements in both silicon 
and BAs (Fig. 4C) and a « of 690 + 120 W/m-K at 
338 K (Fig. 3). On samples 4 (fig. S19B) (15) and 5 
(Fig. 3), we used the steady-state method to 
measure a bulk « at 300 K of 570 + 70 and 920 + 
120 W/m-K, respectively, and found a similar 
temperature dependence as for samples 1 to 3. 

The measurement results agree with first- 
principles calculations of the « of BAs, includ- 
ing both three- and four-phonon scattering, 
scattering of phonons by the natural boron iso- 
tope mix, and phonon scattering by point de- 
fects and grain boundaries. Although the « of 
most high-quality insulating crystals is well 
described by lowest-order three-phonon scatter- 
ing, in BAs, the phase space for three-phonon 
scattering is unusually small (8). We show that 
four-phonon scattering is necessary to accurately 
capture the intrinsic « of BAs (10). We imple- 
mented several changes in our calculation from 
that of Feng et al. (10) to improve the accuracy 
(15). In addition, we found hole scattering of 
phonons to be negligible at the hole concentra- 
tion of 7.6 x 10'8 cm™ that we measured in the 
p-type BAs semiconductor sample (J5). 
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Fig. 4. Steady-state comparative and lock-in 
Raman thermometry measurements. 

A) Temperature modulation amplitudes (AT) 
measured by Raman thermometry at two 
ocations on the Si bar and two locations on the 
BAs bar. The lines are linear fittings to the 
measurement data. The inset is a schematic 
diagram of the experimental setup for thermo- 
couple (TC) and Raman measurements. 

B) Amplitude spectrum of the measured 
Raman peak modulation for BAs at locations 

X = 3.38 mm (location 1) and 4.39 mm (location 2). 
The curve for x = 4.39 mm is shifted manually 
by +0.2 along the x axis so that it can be 
distinguished from the other curve. The inset 
shows the modulation of the Raman peak 
frequency of BAs at location x = 3.38 mm as a 
function of the cycle number during the first 
six cycles. (C) Temperature gradients (VT) on 
the Si and BAs bars obtained from TC and 
Raman measurements. The ambient temper- 
ature was 308.9 K, and the heater power 
amplitude was 0.081 W. The TC measurement 
error bars include random uncertainties with 
95% confidence and systematic uncertainty, and 
the Raman measurement error bars consist of 
random uncertainties from the signal-to-noise 
ratio and systematic error (15). 


Our calculated BAs « at 300 K including three- 
phonon, four-phonon, and phonon-isotope scat- 
tering is 1260 W/m-K, about half that obtained 
without four-phonon scattering (2330 W/m-K) 
and about 10% smaller than that obtained by 
Feng et al. (10). The BAs « that we calculated in- 
cluding only three-phonon and phonon-isotope 
scattering, «3; (dashed black curve, Fig. 3), lies 
well above all measured data. The calculation 
including four-phonon scattering as well, «3,4 
(solid black curve), suppresses « and brings the 
calculated values close to the measured local 
high TDTR values (solid red circles). It also pro- 
vides a strong temperature dependence, as 
previously found (10). Importantly, the TDTR 
temperature behavior follows the temperature 
dependence of «3,4, which is stronger than that 
of «Kz. We fit the steady-state and TDTR data by 
including additional scattering from assumed 
point defects and grain boundaries (Fig. 3) (15). 
Defect scattering mechanisms are typically much 
less sensitive to temperature change than phonon- 
phonon scattering, so increasing defect scattering 
to match the measured RT value weakens the 
temperature dependence of «. The large defect 
concentrations needed to match the magnitudes 
of the measured data when including only three- 
phonon scattering cannot produce the steep 
observed temperature dependence (figs. S30 
and S31) (15). In contrast, the best fit of «3,4 is 
excellent for the steady-state data (fig. SI9B) (75) 
and reasonably good for the TDTR data. 

The comparison between the measurements 
and theoretical calculations provides strong evi- 
dence that BAs is distinct from other known 
high-« materials in achieving « through the 
phonon-band engineering concept and in having 
higher-order phonon-phonon interactions play 
such a large role. By breaking the conventional 
theoretical criteria, these findings have firmly 
established a different route to ultrahigh « and 
highlighted the rich physics of phonons. Our 
strategy for the growth of bulk BAs crystal is an 
important step toward implementation in future 
applications of BAs, which is now the only known 
semiconductor with a bandgap (20) comparable 
to silicon and an ultrahigh room-temperature 
thermal conductivity. 
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RIVER NETWORKS 


Global extent of rivers and streams 


George H. Allen*{ and Tamlin M. Pavelsky 


The turbulent surfaces of rivers and streams are natural hotspots of biogeochemical exchange 
with the atmosphere. At the global scale, the total river-atmosphere flux of trace gasses such 
as carbon dioxide depends on the proportion of Earth’s surface that is covered by the fluvial 
network, yet the total surface area of rivers and streams is poorly constrained. We used a 
global database of planform river hydromorphology and a statistical approach to show that 
global river and stream surface area at mean annual discharge is 773,000 + 79,000 square 
kilometers (0.58 + 0.06%) of Earth’s nonglaciated land surface, an area 44 + 15% larger than 
previous spatial estimates. We found that rivers and streams likely play a greater role in 
controlling land-atmosphere fluxes than is currently represented in global carbon budgets. 


ater interacts with the atmosphere in 

a series of complex biogeochemical pro- 

cesses at the water-atmosphere inter- 

face as it flows down Earth’s rivers and 

streams (J-5). At this interface, equi- 
librium reactions drive mass and energy ex- 
change, amounting to considerable material flux 
at the global scale (4-6). For example, estimated 
outgassing from rivers and streams introduces 
~1.8 Pg of carbon per year as carbon dioxide to 
the atmosphere (1), roughly equivalent to one- 
fifth of combined emissions from fossil fuel 
combustion and cement production (7). Globally, 
the rates of these processes are partly controlled 
by the total river and stream surface area (RSSA), 
which acts as the medium of exchange between 
the fluvial network and the atmosphere (J, 2, 4-6). 
Despite the fact that RSSA is one of the principal 
parameters in large-scale evaluations of river- 
atmosphere biogeochemical and thermal flux 
C, 2, 5, 6), the field of large-scale river hydrology 
has primarily focused on quantifying the volume 
of water that rivers and streams transport to the 
ocean, rather than RSSA (2, 8). 

Only two studies have attempted to estimate 
global RSSA to date. In a pioneering effort, 
Downing et al. (2) developed stream-order scaling 
relationships between river width and length 
under the assumption that all rivers belong to a 
single branching river network. They made two 
global RSSA estimates: 485,000 km”, based on an 
aggregate estimate of RSSA for rivers wider than 
90 m, and 682,000 km”, based on the length and 
width of the Amazon trunk river. Raymond et al. 
(J) remain the only group to estimate the spatial 
variability of RSSA globally. They arrived at a 
total RSSA estimate of 536,000 km? (excluding 
Greenland, Antarctica, and the seasonal effects 
of freezing rivers on RSSA) by applying a flow- 
routing algorithm to digital topography and 
assuming globally constant hydraulic geometry 
relationships between river width and discharge 
(9). Both of these previous studies are limited 
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by the lack of direct observations of RSSA, quan- 
tification of statistical uncertainty, and considera- 
tion of regional variability in hydraulic geometry. 
We used satellite observations of rivers and a 
statistical approach to produce a direct estimate 
of river and stream coverage at the global scale. 
We built the Global River Widths from Landsat 
(GRWL) Database to characterize the global 
coverage of rivers and streams. The GRWL 
Database is the first global compilation of river 
planform geometry at a constant-frequency 
discharge (Fig. 1). We used a global database 
of 3693 gauge stations (10) to determine months 
that rivers were commonly near mean discharge 
(fig. S1). Then we acquired 7376 Landsat TM 
(Thematic Mapper), ETM+ (Enhanced Thematic 
Mapper Plus), and OLI (Operational Land Imager) 
scenes captured during these months. We applied 
previously published image processing techniques 


River 
Width (m) 


>5000 


(1, 12) to classify rivers and measure their location, 
width, and braiding index. The GRWL Database 
contains planform measurements of >2.1 million 
km (>58 million measurements) of rivers >30 m 
wide at mean annual discharge. It also contains 
>7.6 million flagged measurements of lakes, res- 
ervoirs, and canals connected to the fluvial 
network. We validated the Landsat-derived width 
data by using in situ river width measurements 
from the U.S. Geological Survey and the Water 
Survey of Canada taken at 1250 gauge stations 
(Fig. 2) (13). We found that GRWL width data are 
most accurate and complete at widths wider 
than 90 m (about three Landsat pixels), and 
thus we considered only rivers wider than this 
width to assess the statistical distributions of 
RSSA (11, 12, 14). 

The freely available GRWL vector product and 
water mask have considerable potential to im- 
prove the representation of large-scale fluvial 
processes and understanding of river resources 
(15). Although other empirical datasets of river 
width exist, their coverage is not global, or their 
coarse spatial resolution limits their usefulness 
for river system models (11, 14, 16). Subsets of 
the GRWL data are already being used to im- 
prove hydrologic models (17), organize remotely 
sensed surface-water observations (78), and 
improve biogeochemical efflux estimates (11). 
The database will also be used to identify river 
segments observable by the NASA and Centre 
National d’Etudes Spatiales SWOT (Surface 
Water and Ocean Topography) satellite, sched- 
uled to launch in 2021 (79). Further, the GRWL 
Database has applications for fluvial geomor- 
phology (e.g., studies of river sinuosity), determin- 
ing spatiotemporal variations in river discharge 


Latitude 


o4 @ 
River Coverage (%) 


Fig. 1. The Global River Widths from Landsat (GRWL) Database contains more than 58 million 
measurements of planform river geometry. The line plot on the right shows observed river 
coverage as a percentage of land area by latitude, and the bottom insets show GRWL at increasing 
zoom. The rightmost inset shows GRWL orthogonals over which river width was calculated, with 


only every eighth orthogonal shown for clarity. 
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at the global scale (20), and organizing large 
multitemporal datasets of surface-water dynam- 
ics (21). 

This newly assembled database of river hydro- 
morphology allows direct quantification of RSSA 
for large, observable rivers. By summing the prod- 
uct of each river width measurement and its 
corresponding downstream pixel length (Fig. 3A), 
the total observed area of rivers measured by the 
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GRWL Database is 468,000 km”, or 0.35% of 
Earth’s nonglaciated land surface. We excluded 
reservoirs, lakes, canals, Antarctica, Greenland, and 
any water bodies measured at mean sea level (22) 
from this analysis to make it comparable to pre- 
vious studies. The total surface area of rivers wider 
than 90 m, where GRWL data are most complete 
and accurate, is 404,000 km?, which exceeds a 
previous aggregate estimate of 360,000 km? (2). 


Fig. 2. Validating remote sensing measurements. (A) Example of an in situ river discharge-width 
rating curve used to validate Landsat measurements. (B) Gauge stations used in validation, colored 
by in situ width at mean annual discharge (Q). (C) In situ river widths compared with corresponding 
Landsat-derived GRWL river widths. Red line, fit to all data; blue line, fit to in situ widths wider than 90 m. 


Fig. 3. Estimating the A 
global surface area 

of rivers and streams. 

(A) Schematic of discretized 
river and stream surface 
area measurements (RSSAj, 
gray bars), with only every 
fourth measurement shown 
for clarity. At a given river 
centerline pixel /, RSSA; is 
the product of the river width 
and the downstream pixel 
length. (B) Map of basins by 
class; a different RSSA esti- 
mation method was used 
for each class. (C) RSSA in 
class A basins, estimated 
using a Pareto distribution 
fit on observed wide rivers 
and extrapolated to narrower 
streams unobservable 

from Landsat (the Amazon 
basin is shown as an 
example; see section 2 10 
of the supplementary 

materials). Throughout the 


N Measurements 


figure, vertical black lines on observed RSSA bins show lo uncertainty 

of GRWL width measurements, and dotted lines are lo uncertainty bounds. 
(D) RSSA in class B basins, estimated using a Pareto distribution with a 
fixed shape parameter, a, fit on observed wide rivers and extrapolated to 
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To estimate the surface area of streams and 
rivers too narrow to accurately observe from 
Landsat imagery (widths < 90 m), we split GRWL 
measurements into major global drainage basins 
(22) and grouped these drainage basins into three 
categories: basins that contain >250,000 measure- 
ments (class A), basins that contain 10,000 to 
250,000 measurements (class B), and basins that 
contain <10,000 measurements (class C) (Fig. 3B). 
In class A basins (n = 20), we estimated the total 
RSSA by extending a fitted Pareto frequency dis- 
tribution down to the median first-order wetted 
stream width of 32 + 8 cm (23) (Fig. 3C). Both 
theoretical (24, 25) and empirical (2, 25, 26) evi- 
dence indicates that RSSA is fractal down to first- 
order streams, although this assumption should 
be tested. In class B basins (7 = 273), which have 
insufficient GRWL data to exhibit a well-developed 
fractal RSSA distribution, we used the average 
Pareto shape parameter established in class A 
basins (fig. S2) to extend the RSSA distribution 
to first-order streams (Fig. 3D). Class C basins 
have very little GRWL data, so we developed an 
empirical power-law relationship between climate 
aridity (27), basin area (22), and percent basin 
occupied by RSSA (coefficient of determination 
R? = 0.68; Fig. 3E). This relationship is noteworthy 
because it indicates a link between variations 
in climate and the extent of rivers and streams 
at a global scale (7). Adding together the RSSA 
contained in all basins, the global surface area 
of rivers and streams at mean annual discharge 
is 773,000 + 79,000 km”, or 0.58 + 0.06% of 
Earth’s nonglaciated land surface (Fig. 4A). We 
used a Monte-Carlo simulation to calculate the 
uncertainty of our RSSA estimates in each global 


%RSSA 


10° 


Aridity Index (Al) 


narrower streams (the Delaware basin is shown as an example). (E) RSSA 
in class C basins, estimated using weighted multiple linear regression of 
log-transformed percent RSSA (%RSSA) against aridity index and basin 
area in class A and B basins. Vertical gray lines show lo uncertainty bounds. 
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Fig. 4. Global patterns of 
stream and river coverage. 
(A) Percent of basin covered by 
river and stream surface area 
(%RSSA). (B) %RSSA 
uncertainty by basin. 

(C) %RSSA difference 

between this study and 
Raymond et al. (1). 
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basin, and we found that small, humid basins 
tend to exhibit the greatest uncertainty (n = 500; 
Fig. 4B) (13). 

Our analysis shows that rivers and streams 
cover a larger portion of Earth’s surface than pre- 
viously estimated (J, 2). We found a RSSA 44 + 
15% greater than that found by Raymond et al. 
(2, which is the only other geographically vary- 
ing global estimate of RSSA (Fig. 4C). Our esti- 
mate is also 15 + 12% greater than the maximum 
and 59 + 16% greater than the minimum RSSA 
estimate from Downing et ai. (2). In the Amazon 
basin, where a variety of methods have been 
used to estimate RSSA, we found that rivers and 
streams occupy 1.33 + 0.02% of the basin at mean 
annual discharge, an area 6 to 67% greater than 
previous estimates (J, 28, 29). Compared with the 
current best region-by-region global estimate (1), 
we found more river and stream coverage in the 
Arctic and less in Europe, the conterminous United 
States, and some other economically developed 
regions (Fig. 4C). Previous estimates of global 
RSSA do not consider extra-climatic influences 
on RSSA, such as variations in fluvial geomor- 
phology and human modifications to river chan- 
nels, potentially resulting in an overestimate in 
some developed regions. For example, RSSA in 
many developed regions may be less than pre- 
viously predicted owing to the influence of levee- 
ing and water withdrawal in these areas. 
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The upward revision of the total global surface 
area of the fluvial network implies that inter- 
actions between rivers and the atmosphere are 
likely greater than previously thought. The up- 
ward revision is particularly pronounced in the 
Arctic, where the impacts of climate change on 
carbon fluxes are of major concern (30). Our 
findings also imply that the atmosphere plays a 
greater role in controlling the thermal dynamics 
and aquatic chemistry of river and stream water 
(5, 6). The downward revision of RSSA in eco- 
nomically developed regions may be related to 
the large-scale impact of human modification 
on the fluvial network, although this hypothesis 
requires further testing. The largest sources of 
unquantified uncertainty in our RSSA estimate 
likely originate from the distribution of surface 
area for intermediate-sized rivers and streams 
and the seasonal variation of RSSA within river 
networks. As we develop analyses to address 
these uncertainties, our conclusions provide 
a robust first-order RSSA estimate that will 
be useful for improving the accuracy of large- 
scale fluvial biogeochemical fluxes. 
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NEUROSCIENCE 


Opioid prescribing decreases after 
learning of a patient’s fatal overdose 


Jason N. Doctor’, Andy Nguyen’, Roneet Lev”, Jonathan Lucas”, Tara Knight’, 


Henu Zhao’, Michael Menchine* 


Most opioid prescription deaths occur among people with common conditions for which 
prescribing risks outweigh benefits. General psychological insights offer an explanation: 
People may judge risk to be low without available personal experiences, may be less 
careful than expected when not observed, and may falter without an injunction from 
authority. To test these hypotheses, we conducted a randomized trial of 861 clinicians 
prescribing to 170 persons who subsequently suffered fatal overdoses. Clinicians in the 
intervention group received notification of their patients’ deaths and a safe prescribing 
injunction from their county’s medical examiner, whereas physicians in the control group 
did not. Milligram morphine equivalents in prescriptions filled by patients of letter 
recipients versus controls decreased by 9.7% (95% confidence interval: 6.2 to 13.2%; 

P < 0.001) over 3 months after intervention. We also observed both fewer opioid initiates 
and fewer high-dose opioid prescriptions by letter recipients. 


he United States is in the grips of its worst 

drug crisis in history, driven by twin epi- 

demics of illicit and prescription opioid 

use. Opioid overdoses resulted in 351,630 

deaths from 1999 to 2016, with deaths in- 
creasing from 2015 to 2016 for both illicit and 
prescription opioid users (1). In addition, more 
than 1.9 million Americans suffer from opioid 
addiction (2). Before the introduction of extended- 
release and long-acting opioids in the 1990s, 
long-term, high-dose opioid therapy was rare. 
The use of these drugs for cancer pain led to 
calls to address chronic noncancer pain with 
the same agents. Opioid proponents discounted 
historical evidence for opioid harms by frequently 
citing studies on small convenience samples (3, 4). 
For example, there were more than 600 citations 
of a five-sentence letter to the editor published 
in the New England Journal of Medicine in 1980 
titled “Addiction rare in patients treated with 
narcotics” (3), most in support of opioid safety 
(5). These and other factors may have encour- 
aged unwarranted opioid prescribing. 

In this randomized experiment, we aimed to 
counter factors that may promote high levels of 
opioid prescribing. We evaluated the effect of 
a personal letter from the medical examiner 
notifying clinicians of a controlled substance 
overdose drug death in their practice and re- 
iterating guidelines for safe prescribing. We 
intervened on clinicians and allied health pro- 
fessionals with scheduled drug prescribing 
privileges in California. These individuals had 
prescribed a schedule II, III, or IV drug to a 
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person who died as a result of a schedule IJ, II, 
or IV accidental overdose between the period 
of 1 July 2015 and 30 June 2016 in San Diego 
County. Prescriptions had to have been filled 
less than 12 months before the decedent’s day 
of death. 

Our study was a decedent-cluster randomized 
trial, in which clusters of individuals, rather than 
single persons, are randomly allocated to inter- 
vention groups. A decedent cluster is a distinct 
set of clinicians who wrote scheduled drug pre- 
scriptions to a person who suffered a fatal 
scheduled drug overdose. Decedent clusters were 
randomly assigned to either a control condition 
or a group receiving a letter signed by the Chief 
Deputy Medical Examiner of San Diego County 
(see supplementary text S1) that notified them of 
a death in their practice. The letter identified the 
decedent by name, address, and age; outlined the 
annual number and types of prescription drug 
deaths seen by the medical examiner; discussed 
the value of and way to access the state’s pre- 
scription drug monitoring program; and dis- 
cussed five U.S. Centers for Disease Control 
and Prevention (CDC) guideline-recommended 
safe prescribing strategies. 

We abstracted data from the Controlled Sub- 
stance Utilization Review and Evaluation System 
(CURES). This database provided a comprehen- 
sive record of opioids dispensed at California 
pharmacies to civilian, non-U.S. Department 
of Veterans Affairs, and non-institutionalized 
patients treated by clinicians in our sample. De- 
scriptive and inferential statistics were carried 
out with the Stata software (6). The cmp com- 
mand in Stata was used to compute a difference- 
in-differences estimator within a mixed-model 
two-part linear regression analysis (7). The 
difference-in-differences estimator compared the 
average change over time in milligram morphine 
equivalents (MMEs) dispensed for prescribers in 
the intervention group with the average change 
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over time for prescribers in the control group. 
The natural log transformation of MMEs en- 
sured a normal distribution of data. A two-part 
regression model has a discrete component and 
a continuous component: A binary event identi- 
fying whether there are opioid fill(s) in a pre- 
scriber’s name each day represents the discrete 
part of the model, and the natural log of MMEs 
dispensed on days when opioids are filled in the 
name of a prescriber represents the continuous 
part. We also evaluated high-dosage prescriptions 
(250 or >90 MMEs per day) and the probability 
that a prescription fill was a “new start” (a new 
person entering the database). 

Sample size calculations, described in the sup- 
plementary materials, indicate that we would 
need 65 decedents per study arm to have an 
80% chance to detect an effect. This analysis 
assumes a 5% difference in daily MME prescrib- 
ing between groups. Figure S1 illustrates the 
study timeline. Figure 1 describes the flow of 
decedent and prescriber identification, inter- 
vention allocation, follow-up, and data analysis. 
The medical examiner investigated 220 deaths 
in San Diego County between 1 July 2015 and 
30 June 2016 for which a schedule IJ, III, or IV 
prescription drug was the primary or contribut- 
ing cause of death. Of this group, 170 decedents 
(77.3%) had one or more prescriptions found in 
CURES 12 months before their death. Table S1 
presents observed frequencies within random- 
ization strata variables (cause of death and 
whether decedents received prescriptions from 
a clinician with multiple deaths), and Table 1 
displays decedent characteristics. There were 
861 prescribers to the 170 decedents whose 
deaths were caused by overdoses of schedule II, 
III, or IV drugs. Of these, 725 had prescribed 
to only one decedent, and 136 had prescribed 
to multiple decedents. There were, on aver- 
age, 5.5 (+5.4) prescribers per decedent and 
1.2 (+0.6) decedents per prescriber (numbers in 
parentheses indicate standard deviations). Sam- 
ple characteristics of clinicians are presented in 
Table 2. 

We observed 1,279,691 prescriptions filled 
during the study period. Using the dates of 
prescriptions dispensed, we computed daily 
MMEs for prescribers. Table 3 shows the aver- 
age daily MMEs dispensed per prescriber in 
each of intervention and control groups 3 months 
before and 1 to 4 months after letters were sent. 
In the control group, opioid prescribing increased 
from 71.6 MMEs daily before intervention to 
71.7 MMEs daily after intervention [i.e., +0.1 MME; 
95% confidence interval (CI): —2.8 to 3.2 MMEs], 
whereas intervention group prescribing decreased 
from 72.5 to 65.7 MMEs (-6.8 MMEs; 95% CI: 
-9.9 to -3.8 MMEs) per prescriber per day. 
MMEs prescribed by clinicians in the interven- 
tion group decreased by 9.7% (95% CI: 6.2 to 
13.2%) compared with control-prescribed MMEs 
over a period beginning 1 month and ending 
4 months after the day the letters were mailed 
(P < 0.001). Letter recipients were 7% (95% CI: 
2 to 11%) less likely than control prescribers to 
start a new patient on opioids (P < 0.01). We also 
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observed a significant reduction in high-dose pre- 
scribing in the intervention group compared with 
the control group: a 3% decrease for 50 MME 
daily doses (P < 0.05) and a 4.5% decrease for 
90 MME daily doses (P < 0.05) dispensed. There 
was no difference in the proportion of prescrib- 
ers in the intervention or control group who 
made substantial (>20%) reductions in opioid 
prescribing in the postintervention period (zg = 
1.279, P > 0.05). Sensitivity analysis that trans- 
formed MMEs ensured normality, and a lag- 
correlation analysis to ensure independence of 
errors had no effect on results (fig. $2). 

A simple letter, supportive in tone, to inform 
clinicians of a scheduled drug harm to their 
patient resulted in fewer subsequent opioids 
dispensed by those clinicians. Thus far, tradi- 
tional state regulatory approaches to limiting 
opioid prescribing have not achieved great suc- 
cess. For example, Meara and colleagues found 
that adoption of controlled substance laws at 
the state level was not associated with reduc- 
tions in potentially hazardous use of opioids or 
overdose among disabled Medicare beneficia- 
ries (8). Another effort to send letters to poten- 
tial high prescribers of controlled substances 
(individual health care clinicians who were at 
the 99.7th percentile of prescribing volume 
among prescribers of schedule II drugs in 
Medicare Part D) found no effect (9). In com- 
parison, the success of the approach used in 
our study—notifying clinicians of a single fatal 
overdose—may have a number of explanations. 
First, people rely upon knowledge that is impact- 
ful, recent, and easy to retrieve from memory 
when judging probabilities and making deci- 
sions (10, 11). Decisions to avoid harms could 
occur more frequently after receipt of the letter, 
because the effects of opioid harms are available 
to memory. Second, clinicians are also dispro- 
portionately exposed to patients who return to 
their clinics uneventfully for an opioid refill. 
The letter may alert clinicians to those patients 
who do not return, owing to death via an over- 
dose. Third, individual behavior improves when 
outside persons attend to it (72). Clinicians may 
prescribe with greater care when they perceive 
that they are being watched, particularly by 
figures of authority (13). A message commu- 
nicating a patient’s overdose death from the 
medical examiner may have particular weight. 
Such information appears to encourage more 
cautious prescribing without restricting clini- 
cian freedom to prescribe opioids through 
mandated prescribing limits. Mandated lim- 
its do not account for individual patient cir- 
cumstances that may arise in the course of 
care. We observed modest prescribing reduc- 
tions, which suggest that clinicians exercised 
greater caution with opioids rather than aban- 
doning use. 

Brief exposure to opioids in opioid-naive persons 
makes long-term opioid use more likely (J4, 15), 
and excess prescription opioids (in medicine cab- 
inets or diverted) are a source of misuse and are 
linked to transition to heroin (6, 17). Correcting 
course in prescribing after learning of a patient’s 
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220 decedents with an 
ME report and prescription 
Rx cause of death 


50 decedents with no 


legitimate Rx in CURES 


Intervention 
84 decedents 


404 prescribers identified 
as having prescribed to 
these decedents 


2 decedent clusters and 
16 prescribers with no 
data during observation 
period (retired or left 
practice in the state) 


170 decedent clusters randomized 
to intervention or control 


Control 
86 decedents 


447 prescribers identified 
as having prescribed to 
these decedents 


1 decedent cluster and 
9 prescribers with no 
data during observation 
period (retired or left 
practice in the state) 


82 decedents 
388 prescribers 
received letter and 


were followed 


85 decedents 
438 prescribers 
followed 


Fig. 1. Consort diagram. ME, medical examiner. 


Table 1. Decedent characteristics. OTC, over the counter; n, number of clinicians. 


Randomization group 


Characteristic 


Letter (n = 82) 


Age (+SD) 49,75 (11.15) 


6 (7%) 


65 (79%) 


Statistic 
Control (n = 85) 


48.21 (14.85) t = 0.059 


8 (9%) 


47(5) = 4.752* 


1(1%) 


70 (82%) 


10 (12%) 


13 (15%) 7°(5) = 5.300" 


1(<1%) 


Prescription, alcohol, and OTC 1(<1%) 


*For all races. +For all causes of death. 


death from a prescription overdose may lessen 
the effect of the aforementioned harms. 
Although the generalizability of these find- 
ings may be limited, San Diego County is a diverse 
county with a broad representation of providers 
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1 (<1%) 


1 (<1%) 


and which constitutes ~1% of the U.S. popula- 
tion. The control condition involved no increased 
awareness of opioids or education; however, our 
study occurred 5 months after the U.S. Surgeon 
General issued CDC guideline pocket cards to 
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Table 2. Prescriber characteristics. 


Randomization group 


Professional practice 
Letter 


Medical doctor (MD) 277 


Statistic P value 


Control 


Nurse practitioner (NP) 
P 


D 
Total 388 


*For all professional practices. 


438 


Table 3. Adjusted daily average milligram morphine equivalents (MMEs) dispensed per pre- 
scriber among persons randomized to the intervention or control groups. Values in 


parentheses are 95% Cls with 5% trimmed means. 


Parameter 


Prescribers followed 


P value 


all U.S. clinicians, including those in our con- 
trol arm. We do not address appropriate or in- 
appropriate prescribing at the patient level. 

Judicious prescribing represents only one of 
the components necessary to correct the missteps 
caused by overly enthusiastic use of opioids to 
alleviate pain. Access to medication-assisted ther- 
apy, counseling, and naloxone for resuscitation 
after overdose and efforts to address social de- 
terminants responsible for increased opioid use 
all play equally important roles in ending the 
crisis. 

The intervention described here is scalable. 
Each county in the United States reports pre- 
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Randomization group 


Control 


scription opioid deaths to the National Center 
for Health Statistics, and each state maintains 
a vital records death file. Each state contains a 
prescription drug monitoring program that tracks 
prescriptions to decedents. It is thus feasible to 
“close the loop” on deaths by encouraging safe 
prescribing habits through the use of behav- 
ioral insights. 
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EVOLUTION 


Ancient convergent losses of 
Paraoxonase I yield potential risks 
for modern marine mammals 


Wynn K. Meyer’, Jerrica Jamison”, Rebecca Richter’, Stacy E. Woods*, 
Raghavendran Partha’, Amanda Kowalczyk’, Charles Kronk”, Maria Chikina’, 
Robert K. Bonde’, Daniel E. Crocker®, Joseph Gaspard’, Janet M. Lanyon®, 
Judit Marsillach?, Clement E. Furlong”’?, Nathan L. Clark”?°+ 


Mammals diversified by colonizing drastically different environments, with each transition 
yielding numerous molecular changes, including losses of protein function. Though not 
initially deleterious, these losses could subsequently carry deleterious pleiotropic 
consequences. We have used phylogenetic methods to identify convergent functional 
losses across independent marine mammal lineages. In one extreme case, 

Paraoxonase 1 (PON1) accrued lesions in all marine lineages, while remaining intact 

in all terrestrial mammals. These lesions coincide with PON1 enzymatic activity loss in 
marine species’ blood plasma. This convergent loss is likely explained by parallel 

shifts in marine ancestors’ lipid metabolism and/or bloodstream oxidative environment 
affecting PONI’s role in fatty acid oxidation. PON1 loss also eliminates marine mammals’ 
main defense against neurotoxicity from specific man-made organophosphorus 
compounds, implying potential risks in modern environments. 


s the ancestors of aquatic marine mam- 

mals adopted obligate aquatic lifestyles, 

they evolved many adaptive changes, such 

as those that improved locomotion and 

respiration in and perception of their new 
environment (/-3). Many of these morphological 
and physiological changes occurred in parallel in 
distinct lineages of marine mammals, including 
cetaceans, pinnipeds, and sirenians. Although 
convergent trait changes are frequently adaptive, 
environmental transitions can also result in non- 
adaptive convergent trait loss due to release from 
functional constraint. Examples of convergently 
reduced or lost traits include olfaction in marine 
mammals (4-6), bitter taste receptors in car- 
nivorous tetrapods (7), and eyes in subterranean 
species (8-10). Any convergent evolutionary 


change in the context of a given environment 
can carry negative consequences in a different 
environment as a result of pleiotropy (one ge- 
netic locus influencing multiple phenotypes). 
To characterize how mammals responded to 
selective pressures imposed by the marine envi- 
ronment, we identified genes that convergently 
lost function in marine mammals. We identified 
candidate pseudogenes with observed early stop 
codons and/or frameshifts (genetic lesions) in 
58 eutherian mammals’ genomes in a 100-way 
vertebrate alignment (Z/). Using our predicted 
pseudogene calls, we then tested, for each gene, 
whether its pattern of functional loss was better 
explained by a model with one loss rate through- 
out the mammalian phylogeny or by a model in 
which the loss rate was dependent upon the ter- 


restrial or marine state of a given branch in a 
likelihood ratio test (LRT) (72). To ensure that our 
results were not strongly influenced by errors in 
pseudogene calling, we performed manual checks 
of lesion calls against reference genomes for 
our top genes, along with comparisons of pseudo- 
gene calls at highly conserved genes for marine 
and terrestrial species (73). We used simulations 
to estimate empirical gene-specific P values and 
study-wide (multiple-test-corrected) false dis- 
covery rates (FDR) for all genes (13) (Table 1 and 
table S1). The set of genes with the strongest 
evidence for a higher loss rate on marine lineages 
was strongly enriched for functions related to 
chemosensation, driven by many olfactory and 
taste receptors (tables S2 to S5). These results 
are consistent with previous behavioral, anatom- 
ical, and genetic studies indicating a reduction of 
smell and taste in marine mammals (5, 14, 15). 
We also observed a notable pattern of con- 
vergent loss in the marine environment at 
Paraoxonase I (PONI) (Table 1) (13). PONI en- 
codes a bloodstream enzyme that reduces oxida- 
tive damage to lipids in low- and high-density 
lipoprotein (LDL and HDL) particles, poten- 
tially preventing atherosclerotic plaque forma- 
tion (J6, 17) (Fig. 1A). PON] also hydrolyzes the 
oxon forms of specific organophosphate com- 
pounds, such that it is the main line of defense 
against some man-made pesticide by-products, 
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Table 1. Top 10 manually validated genes with evidence for marine-specific loss. Loss rates represent the inferred instantaneous rates of transition from 
functional gene (1) to pseudogene (0) per unit branch length under the relevant model in BayesTraits (12, 13), restricted to a maximum value of 100 (the default). 


Description of gene product 


Marine 
Loss rate loss rate 
Gene (independent) (dependent) 
0.672 49.7 
15 00 


ORSID1 
EE 
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Terrestrial 
loss rate LRT Empirical 
(dependent) statistic P value 
0) 22.24 3.08 x 10°° 
0.467 9,99 7.25 x 10°° 


7.00 x 10°° 
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FDR 
0.0154 Paraoxonase 1 
0.0201 Olfactory receptor 


factory receptor 


factory receptor 
factory receptor 


factory receptor 
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including chlorpyrifos oxon and diazoxon (Fig. 
1B) (18). The PON] coding sequence contains 
genetic lesions in the cetacean, pinniped, and 
sirenian lineages but is intact in all 53 terrestrial 
mammal genomes surveyed (Fig. 1C and table S1). 


To estimate when PON1 function was lost in 
the three marine mammal clades, we obtained 
PONI sequences for 14 additional species, 
including three cetaceans, the dugong, and 
two pinnipeds, and we estimated evolutionary 


a pee 


Oxidized phosphatidylcholine 
products 


OH 
tee AAR ASA 
PON1 y 


° 


6-lactone derivatives 
° 


a 
Manatee 
Cape elephant shrew 


Armadillo 
African elephant 
Dugong 


Cape golden mole 
Tenrec 
Aardvark 


larmoset 
Squirrel monkey 
Bushbaby 
Brush-tailed rat 
Chinchilla 
Guinea pig 
Naked mole-rat 
Squirrel 
Chinese hamster 
Golden hamster 
Prairie vole 


Rat 
Lesser Egyptian jerboa 
Beaver 
Rabbit 


upc +9 
AAANE 


PONY 


OH 
LAASANF too 


5-hydroxy fatty acids | 
fo} 


B Chlorpyrifos (pesticide) 
an co ian 
— 
oxidation 
(cytochromes P450) 
Chlorpyrifos-oxon (neurotoxin) 
eee & 
aN aie 
mo 
PONtY 


Inactive products 


cl. Cl fe} 

~ 2 
eC + OO 

N7OH 6. 


a oat 


Pika 
Chinese tree shrew 
Goat 


Tibetan antelope 


‘ow 
Hippopotamus 

Minke whale? 

Sperm whale \!’ 
Yangtze river dolphin) 
Killer whale 
Bottlenose dolphin’ 


Pig 
Alpaca 


White rhinoceros 
Little brown bat 
Brandt's bat 

David's myotis bat 

Big brown bat 

Natal long-fingered bat 
Black flying fox 

Large flying fox 
Antarctic fur seal 
Walrus 

Spotted seal 

Hawaiian monk seal \) 
Weddell seal \) 

Sea otter 

Ferret 

Polar bear 

Panda 


Ww 
Hedgehog 
Star-nosed mole 


PON1 d,/d 


0 02 04 06 08 1 12 


Fig. 1. PON1 functions and evolutionary history. ||lustration of PON1's proposed roles in (A) preventing 
oxidative damage to LDL and HDL (16, 17) and (B) detoxifying the oxon by-product or metabolite of a 
common organophosphorus pesticide, chlorpyrifos (27). LPC, lysophosphatidylcholine. (C) Evolutionary 
rate of the PONI1 coding sequence across the phylogeny of 62 eutherian mammals. Branch lengths 
represent dy, and colors represent dy/ds (see the color legend). dy/ds values greater than 1.2 were set to 


1.2. Blue, marine species; y, genetic lesion(s) present. 
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Fig. 2. Blood plasma enzymatic activity against two organophosphate-derived substrates. Points 
represent rates of hydrolysis of chlorpyrifos oxon (left) or diazoxon (right) in micromoles per minute 

per milliliter for plasma from marine and semiaquatic species (in blue) and terrestrial out-groups. Values 
for sheep, goats, and rats are from Furlong et al. (35), who performed assays under the same 
experimental conditions used in this study. Vertical solid lines indicate no activity, and horizontal dashed 
lines separate species from different evolutionary clades. Control assays of alkaline phosphatase 
activity show that samples were not degraded (fig. S3). WT, wild-type. 
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rates across the mammalian phylogeny (13) 
(Fig. 1C and fig. S1). We observed shared genetic 
lesions among all sequenced cetaceans and a 
different shared lesion in sirenians (fig. S2), and 
the inferred ratio of nonsynonymous to synony- 
mous substitutions (dy/ds) was not significantly 
different from one on the ancestral branches of 
both clades (cetacean ancestor dy/ds = 1.09, P = 
0.79; sirenian ancestor dy/dsg = 1.20, P = 0.57). 
This suggests that PONI lost functional con- 
straint in the ancestral cetacean lineage soon 
after its split with the ancestral hippopotamid 
lineage, approximately 53 million years (Ma) 
ago [95% confidence interval (CI) lower bound, 
34.5 Ma ago] (13, 19). In sirenians, functional loss 
occurred soon after the split with the ancestral 
elephantid lineage, approximately 64 Ma ago 
(lower bound, 41.7 Ma ago) (19). 

In pinnipeds, we observed clear evidence of 
PON] functional loss only among a subset of 
species within the family Phocidae, wherein 
Weddell seal and Hawaiian monk seal PONI 
sequences contained nonshared genetic lesions 
(fig. S2). Because these branches are short, it is 
difficult to estimate precisely when functional 
loss occurred in pinnipeds; however, there was 
likely at least one loss since the Phocidae- 
Otarioidea split approximately 21 Ma ago (95% 
CI, 0 to 21 Ma ago). This incomplete loss may 
reflect either a difference between the selective 
environments experienced by pinnipeds and 
those experienced by other marine mammals 
or pinnipeds’ more recent colonization of the 
marine environment (pinnipeds, 24 Ma ago; 
cetaceans, 44.7 to 37.3 Ma ago; sirenians, 47.1 
to 43.9 Ma ago) (20). 

PONT1’s functional loss in marine mammals 
may be related to its role in lipid metabolism via 
fatty acid beta-oxidation (27) (tables S6 and S7). 
The diets of both herbivorous and carnivorous 
aquatic mammals contain a higher proportion 
of w-3 relative to w-6 polyunsaturated fatty acids 
(PUFAs) than those of terrestrial mammals (22), 
and these PUFAs differ in their capacity to sus- 
tain oxidative damage (23). Marine and terrestrial 
mammals also have vastly different antioxidant 
profiles (24, 25), presumably because of the ex- 
treme oxidative stress experienced during diving, 
with repeated cycles of hypoxia and reperfusion. 
Rewiring of either lipid metabolism or antiox- 
idant networks in ancient marine mammals may 
have obviated the function of PON1. Supporting 
the antioxidant hypothesis, the Weddell seal, 
which carries PON lesions, is one of the longest- 
diving pinnipeds known, in contrast to the 
shorter-diving walrus and Antarctic fur seal, 
which lack lesions but share an aquatic diet 
(26). However, two semiaquatic mammals, the 
sea otter and the beaver, which are more 
moderate divers (26), also have either lesions 
or substitutions at sites predicted to be necessary 
for PON] function (fig. S2 and table S8). 

Whatever the cause, loss of PON1 function 
may carry negative pleiotropic consequences 
for the health of marine mammals repeatedly 
exposed to man-made organophosphate com- 
pounds. PON] alone is protective against the 
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Fig. 3. The manatee and the adjacency of its habitat to agricultural land use. (Left) Florida manatee. (Center) Manatee protection zones and 
agricultural land in Florida. (Right) Manatee protection zones, waterways, and agricultural land in Brevard County. 


highly toxic oxon forms of the heavily used 
pesticides chlorpyrifos and diazinon; these 
oxons are formed from the parent compounds 
in the environment and in vivo by cytochromes 
P450 (27) (Fig. 1B). We tested blood plasma 
from six marine and semiaquatic species for 
the capacity to hydrolyze these and other PON1 
substrates (Fig. 2 and fig. $3). The plasma from 
all but one of the assayed marine and semi- 
aquatic species showed activity levels against 
the PONI substrates that more closely resembled 
those of the Pond knockout (Pon! 7o ~) mouse than 
those of terrestrial out-groups. Thus, the genetic 
deterioration of PON1 has left these species 
without a mechanism to break down specific 
neurotoxic compounds. 

Given the sensitivity of PonI~/~ mice to 
organophosphate exposure (28), the inability 
of most marine mammal plasma to detoxify 
organophosphates suggests the potential for 
neurotoxicity if sufficient levels of these com- 
pounds accumulate in these animals’ habitats 
or food sources. In Florida, agricultural use 
of organophosphate pesticides is common, 
and runoff can drain into manatee habitats. 
In Brevard County, where an estimated 70% 
of Atlantic coast manatees migrate or seasonally 
reside (29, 30), agricultural lands frequently 
abut manatee protection zones and waterways 
(Fig. 3). Limited sampling upstream of Manatee 
Bay has measured levels of chlorpyrifos as 
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high as 0.023 pg/liter (37), and levels could be 
much higher directly after pesticide applica- 
tions (32). Dugongs may be at risk of exposure 
to organophosphorus pesticides that are used 
in the sugarcane industry along the Queensland 
coast of Australia and have been detected at 5 
to 270 pg/liter in coastal river systems (33). 
Carnivorous marine mammals may also ingest 
these compounds through their diets of inver- 
tebrates and fish, which have shown evidence 
of bioaccumulation of organophosphates in 
Arctic populations (34). In order to improve 
our understanding of the extent of exposure 
and attendant risk marine mammals face, we 
recommend increased monitoring of marine 
mammal habitats, as well as the testing of 
tissues from deceased animals for biomarkers 
of organophosphate exposure. 

The presence of these potential risks to many 
marine mammals due to their loss of PON1 
function provides a clear example of the trade- 
offs possible in evolution: although PON1 func- 
tional loss was not deleterious and may even 
have been beneficial in ancestral marine envi- 
ronments, it may carry detrimental fitness con- 
sequences in modern environments. 
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KIDNEY CANCER 


Single-cell transcriptomes from 
human kidneys reveal the cellular 
identity of renal tumors 


Matthew D. Young"*, Thomas J. Mitchell””’?*, Felipe A. Vieira Braga’, 

Maxine G. B. Tran**, Benjamin J. Stewart®, John R. Ferdinand®, Grace Collord”””, 
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Messenger RNA encodes cellular function and phenotype. In the context of human cancer, 
it defines the identities of malignant cells and the diversity of tumor tissue. We studied 
72,501 single-cell transcriptomes of human renal tumors and normal tissue from fetal, 
pediatric, and adult kidneys. We matched childhood Wilms tumor with specific fetal cell 
types, thus providing evidence for the hypothesis that Wilms tumor cells are aberrant fetal 
cells. In adult renal cell carcinoma, we identified a canonical cancer transcriptome that 
matched a little-known subtype of proximal convoluted tubular cell. Analyses of the tumor 
composition defined cancer-associated normal cells and delineated a complex vascular 
endothelial growth factor (VEGF) signaling circuit. Our findings reveal the precise cellular 
identities and compositions of human kidney tumors. 


ancer cell identity is defined by morpholog- 

ical appearance, tissue context, and marker 

gene expression. Single-cell transcriptomics 

refines this cellular identity on the basis of 

a comprehensive and quantitative readout 

of mRNA. Precise cellular transcriptomes may 

reveal a tumor’s cell of origin and the transcrip- 

tional trajectories underpinning malignant 
transformation (1). 

We sought to define the identities of normal 

and cancerous human kidney cells from a cat- 
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alog of 72,501 single kidney cell transcriptomes, 
integrated with tumor whole-genome DNA se- 
quences (2). We studied Wilms tumor (n = 3 
specimens), clear cell renal cell carcinoma 
(ccRCC) (n = 3), and papillary renal cell car- 
cinoma (pRCC) (n = 1) in relation to healthy 
fetal (n = 2), pediatric (nm = 3), adolescent (n = 2), 
and adult (n = 5) kidneys, as well as to ureters 
(n = 4) (table S1). 

Normal tissue biopsies were taken from mac- 
roscopically normal regions of kidneys resected 
because of cancer (7 = 10 samples) or for trans- 
plantation (n = 2 samples). We performed tech- 
nical replicates of each biopsy and prepared 
biological replicates, where clinically permissible 
(table S1). We processed kidneys immediately 
after resection, generating single-cell solutions 
enriched for viable cells. We derived counts of 
mRNA molecules in each cell for further analyses, 
subject to quality control (2). 

We split 72,501 fetal, normal, and tumor cells 
into immune and nonimmune cell compartments 
(fig. S1). Using a community detection algorithm 
(2), we further segregated transcriptomes into 
distinct clusters of cells (table $2). We next 
generated a reference map of normal mature 
and fetal cells, assigning an identity to each 
cluster, by cross-referencing cluster-defining 
transcripts with canonical markers curated from 
the literature (table S3). Ambiguous clusters were 
not included in the reference map and are pre- 
sented in figs. S2 to S8. Highly specific cluster- 
defining transcripts (potential cell markers) are 
appended (table S4). 
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Among 42,809 nonmalignant cells, 37,951 ma- 
ture kidney cells represented epithelial cells 
from distinct micro-anatomical regions of the 
nephron, with a large proportion of proximal 
tubular cells (Fig. 1, A to C, and fig. $4). Fur- 
thermore, there were fibroblasts, myofibroblasts, 
and vascular endothelial cells (glomerular endo- 
thelium and ascending and descending vasa 
recta) (Fig. 1D and fig. $2). Fetal cells (4858) 
grouped into developing nephron cells [ureteric 
bud (UB), cap mesenchyme (CM), and primitive 
vesicle (PV) cells] and fibroblasts, myofibroblasts, 
vascular endothelial cells, and ganglion cells 
(Fig. 2, A to C, and fig. S5). 

To determine transcriptional programs under- 
lying nephrogenesis, we identified transcrip- 
tion factors differentially expressed in UB cells 
versus CM and PV cells (Fig. 2D). Furthermore, 
we applied pseudotiming methods to identify 
transcription factors that define the transi- 
tion from CM to PV (Fig. 2D). Together, these 
analyses identified both established and pre- 
viously unknown transcription factors asso- 
ciated with nephron development, included as 
a reference for subsequent analyses of malig- 
nancy (table S5). 

Having established the single-cell landscape 
of healthy kidneys, we characterized the cellu- 
lar identities of 6333 nonimmune (fig. S7) and 
17,821 immune (fig. S8) tumor cells from Wilms 
tumor (7 = 3), ecRCC (n = 3), and pRCC (n = 1) 
(table S1). Children had received neoadjuvant 
cytotoxic treatment before nephrectomy, per 
British practice. Although this pretreatment 
reduced yield (table S6), recovered cells repre- 
sent therapeutically relevant surviving cancer 
cells that determine the degree of adjuvant cyto- 
toxic chemotherapy required (3). We used logistic 
regression to quantify the similarity between 
tumor and normal cell clusters, validated through 
intrinsic control populations (2). That is, the 
model found that myofibroblasts from tumors 
matched myofibroblasts from mature and fetal 
kidneys (Fig. 3A) and found no match for mast 
cells, a negative control population inserted into 
the training data. 

This similarity metric may be obfuscated by 
the phenotypic plasticity of tumor cells. We there- 
fore developed a method to genotype individual 
cancer cells from mRNA reads by using somatic 
copy number changes (table S7 and fig. S9) de- 
fined by whole-genome sequencing (fig. S10). 
We validated genotyping calls by phasing single- 
nucleotide polymorphisms across segments with 
altered copy numbers, testing for the presence of 
somatic single-nucleotide variants, and compar- 
ing with control populations (figs. S11 to S14). 

Integrating genotyping and similarity analy- 
ses, we found that Wilms cells resembled normal 
fetal cells, showing that Wilms cells represent 
aberrant fetal cells. We found different populations 
of Wilms tumor that matched UB and PV cells 
(specific developing nephron populations) (Fig. 3A). 
One cluster (designated WF), composed of Wilms 
cancer cells and noncancerous ccRCC fibroblasts, 
exhibited a fibroblast-myofibroblast transcrip- 
tome. In one case, we obtained an anatomically 
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A Glomerulus B Fig. 1. Canonical cell types 
in normal human kidneys. 
Glomerular Distal tubules (A) Illustration of nephron 
endothelium anatomy with cell clusters 
marked. (B) t-SNE 
(t-distributed stochastic 
neighbor embedding) 
representation of 8,707 
PT1 PT2 PT3 normal epithelial and 
Proximal vascular cells. Clusters 
tubules Collecting duct ft are colored, distinctively 
FA labeled, and emphasized 
with density contours. 
Ambiguous clusters are 
de-emphasized and fully 
-25 shown in fig. S2. (C) Expres- 
sion of canonical nephron- 
specific genes (table S3) in 
: clusters from (A). Colors 
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separate perilobar nephrogenic rest, thought to 
represent a precursor lesion of Wilms tumor. We 
observed that, like Wilms cancer cells, the neph- 
rogenic rest resembled UB or PV cells. This find- 
ing suggests that the potential to generate the 
different cell states of the fetal nephron is ac- 
quired early or was not lost by the developing 
Wilms cancer, although the basis for this con- 
clusion is only one sample. 

To validate the cellular identity of Wilms 
cells, we interrogated bulk transcriptomes of an 
independent series of 124 Wilms tumors for 
cellular signatures of UB and PV (4, 5). We ex- 
tracted specific markers expressed within UB or 
PV cells and unexpressed within nontumor cells 
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(table S8) (2) and probed bulk transcriptomes for 
these cluster-defining transcripts. As comparators 
to Wilms tumor transcriptomes, we included 
fetal, pediatric, and adult normal tissue bulk 
transcriptomes (n = 135) and other childhood 
kidney tumors: 17 congenital mesoblastic ne- 
phroma and 65 malignant rhabdoid tumors. 
Corroborating the presence of these cells in 
Wilms tumor, signatures of PV and UB cells were 
seen in, and confined to, Wilms tumor and nor- 
mal fetal tissues (Fig. 3B). 

Placing Wilms tumor cells in pseudotime re- 
vealed two transcriptional programs emanating 
from the UB: one branch describing the devel- 
opment predominantly of nephrogenic rest cells 
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and the other of Wilms cancer cells (Fig. 3C). 
The transcription factors underpinning these 
two programs (Fig. 3D and table S9) and nor- 
mal nephrogenesis overlapped significantly 
(P < 10°*; hypergeometric test). This indicates 
that developmental relationships exist among 
Wilms tumor cells that have been adopted from 
normal nephrogenesis. Our analyses reveal the 
plasticity and fetal identity of Wilms cells and 
transcriptionally define developmental cell states 
and trajectories that may harbor targetable 
vulnerabilities. 

Next we studied ccRCC and pRCC (type 1), 
including one case of von Hippel-Lindau disease- 
related ccRCC (table S1). Matching ccRCC and 
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pRCC with normal mature cells, we found that 
they retained transcriptional features of cluster 
PTI, a specific subtype of convoluted proximal 
tubular cell (Fig. 4A). Most (six of seven) ccRCC 
clusters and all pRCC cells matched this par- 
ticular PT1 cell, indicating that it represents an 
RCC cell state that transcends the diversity of 
RCC cells within and across tumors. Little is 
known about the nearest normal cell correlate of 
RCC, the PTI cell, which has been found to be- 
come more abundant in inflamed renal tissue (6). 


To validate the identity of the PT1 signature 
in RCC, we made use of the observation that 
PT1 cells were defined by SLC17A3 and VCAM1 
with the absence of SLC7A13 within our data 
(Fig. 4B and fig. S2). We measured these tran- 
scripts in an independent series of 1019 publicly 
available bulk kidney tumor and normal tissue 
transcriptomes. High expression of SLC17A3 
mRNA distinguished ccRCC and pRCC (types 1 and 
2) from other types of RCC (P < 10°*; Mann- 
Whitney test), whereas SLC7A13 mRNA was 


significantly depleted in ccRCC and pRCC bulk 
transcriptomes versus normal transcriptomes 
(P < 10 *; Mann-Whitney test), as were mRNAs rep- 
resenting other regions of the nephron (Fig. 4B). 
VCAMI expression, specific to PT1 within prox- 
imal tubules, was also significantly elevated 
across RCC bulk transcriptomes (P < 107+; 
Mann-Whitney test) (Fig. 4B), with each individual 
RCC tumor exhibiting PT1 features (fig. S15). Con- 
focal microscopy demonstrated colocalization 
of VCAM1 and SLC17A3 in CA9* cells, CA9 being 
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Fig. 2. Fetal cell types and nephrogenesis. (A) t-SNE representation of 
4,858 fetal epithelial and vascular cells, colored and labeled as in Fig. 1B. 

fE, fetal endothelium; fGa, fetal ganglia; fM, fetal myofibroblasts; fF, fetal 
fibroblasts. (B) Expression of markers of clusters in (A), colored as in Fig. 1C. 
(C) Expression of nephrogenesis markers from clusters in (A) with illustration 
of nephron development. Formation of nephrons emanates from the UB, 
which induces condensation of the overlying mesenchyme into the CM. 

The CM then forms the PV, the precursor of the glomerulus. The tubular 
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system grows out from both ends of the fetal nephron: the UB and the PV. 
(D) The expression of transcription factors that vary significantly (P < 0.01; 
likelihood ratio test) along the pseudotime trajectory defined by using the 
CM and PV cells from (C) or that are differentially expressed in UB versus CM 
and PV cells. UB expression is shown in a separate block on the left. Within 
the right block, pseudotime increases from left to right and rows are clustered 
and grouped by hierarchical clustering, with canonical transcription factors 
of nephrogenesis highlighted (see table S6). 
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a specific marker of ccRCC cells (Fig. 4C). Further- 
more, we studied the earliest precursor lesions of 
ccRCC: CA9* proximal tubular cells residing in 
morphologically normal kidney tissue, predisposed 
to ccRCC through pathogenic germline mutation 
of VAL. Examining tissue from three individuals, 
we identified CA9* VCAM1* clusters of proximal 
tubular cells (Fig. 4D). Similarly, tumors arising 
in these kidneys harbored CA9* VCAMI"* cells 
(fig. S16). As expected, VCAM1 was otherwise 
sparsely expressed on proximal tubular cells. 
Together, these observations substantiate our 
proposition that PT1 cells are the nearest nor- 
mal cell correlate of ccRCC cells. The presence of 
the PT1 signature in both ccRCC and pRCC may 
indicate a common origin of these tumors with 
divergent fates. 

Apart from the PT1 signature in pRCC and 
ccRCC, we found that one ccRCC cell cluster 


Fig. 3. Matching childhood A 
tumors with normal fetal 

cells. (A) Similarity of Wilms 

tumor and cancer-associated 


Wilms’ tumor cells 


(cR7) matched PT3 cells and that pRCC cells 
exhibited an additional, weaker match with col- 
lecting duct cells (Fig. 4A). Neither signal was 
enriched in bulk transcriptomes (Fig. 4B). As 
our study was confined to type 1 pRCC, it is pos- 
sible that we missed other pRCC cell types. 
Finally, we dissected the tumor microenviron- 
ment occupied by cancer-associated normal cells, 
comprised of immune cells, fibroblasts, myofi- 
broblasts, and vascular endothelial cells (pre- 
dominately ascending vasa recta) (figs. S7, S8, 
and S17). Within these groups, we studied vas- 
cular endothelial growth factor (VEGF) signal- 
ing, an established target in RCC treatment 
(7, 8). The VEGF signaling circuit in renal tu- 
mors involves VEGFA secretion from RCC cells, 
resulting in a response from endothelial cells 
(7, 8). Measuring expression of the key compo- 
nents of VEGF signaling, we identified tumor- 
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infiltrating macrophages as a further source of 
VEGFA (fig. S18A), as confirmed by confocal 
microscopy of ccRCC cells and flow cytometry of 
an independent ccRCC tumor (fig. S18, B to D). 
VEGF signaling receptors (KDR, FLT1, and FLT4) 
were expressed mainly by one population of 
ascending vasa recta cells (fig. SI8A, cluster tE1). 
The other ascending vasa recta cluster, tE2 (fig. 
S18A), exhibited lymphangiogenic VEGFC and 
FLT1. Furthermore, tE2 endothelial cells ex- 
pressed high levels of ACKR1, a marker of ven- 
ular endothelium promoting tissue migration 
of immune cells (9). Overall, these findings 
delina complex VEGF signaling circuit within RCC 
tissue. 

By identifying specific normal cell correlates 
of renal cancer cells, this study moves our under- 
standing of these malignancies beyond a notion 
of “fetalness” or an approximate micro-anatomical 


Nephrogenic 
rest 
development 


Wilms’ cancer 
cell development 


PV Probability 


L Nephrogenic rest cell 1 0.5 0 
SS 
+ Wilms’ tumor cell 0 0.5 : 


UB Probability 


Transcription factors 


Nephrogenic 
rest development 


Wilms’ cancer 
cell development 
Normalized gene expression 


Ez lt(C 
—3 0 3 


4 of 6 


8102 ‘pl Isniny uo /610 beweoualos’e0ue!0s//:d}]y WwodJ pepeojuMOGg 


PENM3 NOATOTOBMIA FPYNNA "What's News” VK.COM/WSNWS 


RESEARCH | REPORT 


Fig. 4. Matching 


P Papillary renal cell carcinoma cells . 
adult tumors with pillary Myofibroblast 
Renal cell carcinoma cells 


normal mature kid- , Indistinct endothelium 
ney cells. (A) Similar- ' fr fa Ascending vasa recta 
ity of adult cancer and i i 1 


Hi mi 7 


cancer-associated 
normal cells to the 
mature kidney 
reference map 

(Fig. 1B), with mast 
cells added as a nega- 
tive control. Square 
boxes indicate sample 
contribution. Colors 
represent the proba- 
bility that the cluster 


= 


EI 


| 


Mature kidney cells 


identified in the 
column header is 
“similar” to the normal 


] Ascending vasa recta 


Glomerular endothelium 
Descending vasa recta 


cluster identified by ~ Gancercells Hiss 
the row label (2). pR, Tumor ID 5 | iE normal cells 
pRCC cell cluster; cR1 coRCCI 22 Bos 
to cR7, ccRRC cell ecRCC2 3 = oe 
clusters. (B) Expres- ecRCC VHL 2% Mop 
sion of nephron- 
specific genes in bulk B PT1 signature 
transcriptomes as in | | ‘< 
Fig. 3B. pRCC samples RY Adult N Agutt N Adult oemal 
are both types 1 and 2. rs tumers — a 
C) Confocal micros- _ | ccRCC 
copy showing colocal- 25 - ee fs 
ization of PT1 markers = oF 
VCAMI and SLC17A3) eos ail A aa pees 
in ccRCC cells (CAQ9). -5 as dL se 
D) Staining of a | chrRCC 
proxinahtabulae Nephron sici7a3.—« SLC7A18.—=s«VCAMT 
ccRCC precursor markers 
esion (CA9) for the Loop of Distal Collecting Collecting 
PT1 marker VCAMI. Henle tubule duct B cell duct A cell 
[ye Dee i ND 
10- Go 
a I i, a 
2 ; A i a A 
-5- = iL i” 
Nephron 
markers SLC12A1 KCNJ1 SLC4A1 SLC26A4 


region to a precise cellular, molecularly quantitative 
resolution. Our findings portray the peak inci- 
dence of Wilms tumor in early childhood as a 
corruption of fetal nephrogenesis, in contrast to 
the lifelong development of RCC in mature kid- 
neys. Our study provides a scalable experimental 
strategy for determining the identity of human 
cancer cells. 
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METABOLISM 


Lacteal junction zippering protects 
against diet-induced obesity 


Feng Zhang’, Georgia Zarkada’, Jinah Han’, Jinyu Li’, Alexandre Dubrac’, 
Roxana Ola’”, Gael Genet’, Kevin Boyé’, Pauline Michon™*, Steffen E. Kiinzel’, 
Joao Paulo Camporez*, Abhishek K. Singh’, Guo-Hua Fong®, Michael Simons’, 
Patrick Tso’, Carlos Fernandez-Hernando’, Gerald I. Shulman*’’, 


William C. Sessa’, Anne Eichmann”*** 


Excess dietary lipid uptake causes obesity, a major global health problem. Enterocyte- 
absorbed lipids are packaged into chylomicrons, which enter the bloodstream through 
intestinal lymphatic vessels called lacteals. Here, we show that preventing lacteal 
chylomicron uptake by inducible endothelial genetic deletion of Neuropilin1 (Nrp1) and 
Vascular endothelial growth factor receptor 1 (Vegfr1; also known as FIt1) renders mice 
resistant to diet-induced obesity. Absence of NRP1 and FLT1 receptors increased VEGF-A 
bioavailability and signaling through VEGFR2, inducing lacteal junction zippering and 
chylomicron malabsorption. Restoring permeable lacteal junctions by VEGFR2 and 
vascular endothelial (VE)—cadherin signaling inhibition rescued chylomicron transport in 
the mutant mice. Zippering of lacteal junctions by disassembly of cytoskeletal VE-cadherin 
anchors prevented chylomicron uptake in wild-type mice. These data suggest that 
lacteal junctions may be targets for preventing dietary fat uptake. 


ietary fats are absorbed by enterocytes 

and incorporated into triglyceride-rich lipo- 
proteins, called chylomicrons. Nearly all 
dietary lipids are transported in chylomi- 

crons from the intestine to tissues via the 
lymphatic system. Chylomicrons enter the lym- 
phatics through lacteals, specialized lymphatic 
capillaries located in the center of the intestinal 
villi. From there, they are transported through 
the mesenteric lymphatic vessels into the thorac- 
ic duct, which drains into the venous circula- 
tion, and become metabolized by the liver (1-3). 
Preventing lacteal growth in mice by condi- 
tional deletion of the genes encoding VEGF-C 
or Delta-like 4 (DLL4) renders mice resistant to 
high-fat diet (HFD)-induced obesity, providing 
experimental evidence that lacteals could be tar- 
geted to prevent obesity (4, 5). The cellular mech- 
anisms controlling chylomicron entry into the 
lacteals are poorly understood; some studies sug- 
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gested that chylomicrons enter through junc- 
tions between lymphatic endothelial cells (LECs) 
lining the lacteals (5-7), but other studies have 
shown that they pass through LECs by trans- 
cytosis (3). The molecular mechanisms control- 
ling lacteal chylomicron uptake are currently 
unknown. Here we show that chylomicron up- 
take is controlled by VEGF-A signaling, through 
modulation of lacteal junctions. Lacteals respond 
to high VEGF-A levels by zippering up their junc- 
tions, which impairs chylomicron passage and 
renders mice resistant to diet-induced obesity. 

FLT1 and NRP1 are VEGF-A receptors that 
were previously implicated in metabolism regu- 
lation, but how they function in endothelium in 
this context remained undefined (fig. S1). We 
therefore generated pan-endothelial deletions 
of Nrp1 and Flt by crossing Nrpi“" and Flt” 
mice to Cdh5-Cre“"” mice, where gene deletion 
can be induced by tamoxifen (TAM) in cells ex- 
pressing the vascular endothelial cadherin pro- 
moter (hereafter referred to as Nrp1;FItliECko 
mice). Adult 5-week-old males and Cre-negative 
littermate controls received TAM to induce ef- 
ficient gene deletion in the endothelium, as con- 
firmed by Western blot and real-time quantitative 
polymerase chain reaction on purified endothelial 
cells (fig. S2). HFD feeding was initiated at week 8 
and continued for 16 weeks (wk) (fig. S2). Control 
mice doubled their body weight after 16wk of 
HFD feeding, whereas Nrp1;FltliECko mice gained 
little weight (Fig. 1, A to C). No weight differences 
were observed in mice on a normal chow diet 
(Fig. 1D). The weight of NrpliECko mice was 
similar to that of littermate controls (Fig. 1E), 
whereas weight gain in F/t7 single mutants was 
slightly reduced, and attributed to increased adi- 
pose tissue angiogenesis (8, 9) (Fig. 1F), as de- 
scribed previously. 
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HFD-fed Nrp1;FltliECko mice had reduced fat 
and increased lean body mass ratios when com- 
pared to control littermates, and their body com- 
position resembled that of lean control mice on a 
normal chow diet (Fig. 1G and fig. S3). In contrast 
to controls, Nrp1;FitliECko mice had reduced 
liver triglyceride content and did not develop 
hepatic steatosis after 8wk of HFD feeding (Fig. 
1H and fig. $4). Nrpi;FltliECko and control mice 
showed similar food and water consumption, 
physical activity, O02 consumption, CO, produc- 
tion, and energy expenditure after 2wk and 8wk 
of HFD feeding (Fig. 11 and fig. S5). Glucose 
tolerance in Nrp1;FltliECko mice was improved 
compared to controls (Fig. 1J). 

Plasma triglycerides, total cholesterol, and high- 
density lipoprotein cholesterol (HDL) concen- 
trations were reduced in Nrp1;FltliECko mice 
when compared to controls after 16wk on a 
HFD (Fig. 2A), indicating that resistance to diet- 
induced obesity was either due to defective lipid 
uptake into the bloodstream, reduction in very- 
low-density lipoprotein (VLDL) production, or 
enhanced VLDL and chylomicron catabolism. 
To determine if lipid uptake was affected, we 
measured plasma triglyceride uptake after intra- 
gastric gavage with olive oil in the presence or 
absence of the lipoprotein lipase (LPL) inhib- 
itor TritonWR1339. As expected, circulating tri- 
glyceride concentrations increased in controls in 
both conditions, but the effect was abrogated in 
Nrp1;FltliECko mice (Fig. 2, B and C). Similar 
results were obtained when we injected the mice 
with the LPL inhibitor Poloxamer 407 and fed 
them via gavage with oil mixed with [?H]-triolein 
(Fig. 2D), indicating that absence of NRP1 and 
FLT1 attenuates fat absorption. Bomb calorimetry 
showed increased calorie content in the feces of 
Nrp1;FltlECko mice, suggesting that part of the 
lipid is not absorbed but rather is cleared in the 
feces (Fig. 2E). Histological analysis revealed 
the presence of oil-red-O-labeled lipid particles 
in the colon of Nrp1;FltliECko mice, whereas less 
lipid was present in the colon of control mice 
(fig. S6). We confirmed reduced intestinal lipid 
uptake in Nrp1;Flt1iECko mice by analyzing post- 
natal day 7 (P7) mesenteries, after neonatal gene 
deletion. Chylomicrons were present in the mes- 
enteric lymphatic vessels of control mice and 
single Nrp1 or Flt] knockout mice, but few lym- 
phatic vessels containing milky chyle could be 
seen in Nrp1;FltliECko pups (Fig. 2F and fig. $7). 
Neonatal Nrp1;FltliECko mice had decreased 
weight gain (fig. S8), which is consistent with 
lipid malabsorption. 

Expression of key enzymes and components 
required for chylomicron assembly, including 
Mtp, ApoB, Sarib, Plagl2, and fatty acid trans- 
porters (CD36 and Fabps), was similar in the 
jejunum of Nrp1;FitliECko and control mice, indi- 
cating that the enterocytes devoid of both Nrp1 
and Fit1 can assemble and secrete chylomicrons 
(fig. S9). Transmission electron microscopy (TEM) 
showed similar morphology of intestinal enter- 
ocytes and the presence of chylomicrons within 
enterocytes and in the interstitial space between 
capillaries and lacteals regardless of genotype 
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(Fig. 2G and fig. $10). TEM also revealed the pres- 
ence of lacteal LECs but notably, the lacteal lumen 
was almost completely lacking chylomicrons in 
Nrp1;FltliECko animals, whereas numerous chy- 
lomicrons were present within the lacteal lumen in 
controls (Fig. 2G and fig. S10). High-magnification 
views showed many open junctions between 
LECs in controls, but more closed LEC junctions 
in NrpI;FltliECko mice (Fig. 2G and fig. S10). These 
data are consistent with the concept that altered 
lacteal junctions result in defective lacteal chylo- 
micron uptake, which limits weight gain in the 
absence of both NRP1 and FLT1. 

Immunostaining of lacteal junctions with VE- 
cadherin confirmed that Nrp1;FltliECko mice 
exhibited fewer button-like LEC junctions and 
developed more impermeable zipper junctions 
compared to controls (Fig. 3, A and B). Lacteals 
devoid of both Nrpi and Filt1 were of similar 
length, but showed reduced width compared to 
those lacking either Nrp/ and Fit] alone, or con- 
trol animals (fig. $11). VE-cadherin staining also 
revealed enlarged villus capillaries and disrupted 
blood endothelial cell (BEC) junctions, leading to 
leakage of intravenously injected fluorescent 
dextran in Nrp1;FItliECko mice (Fig. 3, C and D, 
and fig. $12). Postnatal or adult deletion of both 
Nrpi and Fit] caused altered vascular morphol- 
ogy and villus edema, which was surprisingly 
well tolerated and did not compromise vascular 
or enterocyte ultrastructure even after prolonged 
HFD feeding (fig. S10). Staining for pericytes, 
smooth muscle cells, and macrophages and anal- 
ysis of inflammatory marker expression revealed 
no changes between controls and Nrp1;FitliECko 
mutants (fig. S13), suggesting a primary effect upon 
villus vasculature by the absence of Nrp/ and Filti. 

Loss of junctional VE-cadherin staining in 
BECs is a hallmark of increased VEGF-A signal- 
ing (10), and FLT1 is a known VEGF-A decoy 
receptor (11). To test if loss of NRP1 and FLT1 
increased intestinal VEGF-A signaling, we probed 
lysates from control and Nrp1;FltIiECko tissues 
with antibodies against phosphorylated and total 
VEGFR2. Activation of both tyrosine-1173 (Y1173) 
and Y949 signaling was significantly increased in 
the absence of both NrpI and Flt] when com- 
pared to control littermates or single Flt1iECko 
mice (Fig. 3E and fig. S14), indicating that NRP1 
enhances FLT1 decoy function. NRP1 also acts as 
a VEGFR2 co-receptor to activate downstream 
ERK signaling (72), and ERK activation was ac- 
cordingly deficient in most Nrp1;FItliECko tis- 
sues (fig. S14). 

Loss of Flt] has been shown to induce adipose 
tissue browning (8, 9), and we observed increased 
vascular density in white adipose tissue (WAT) 
but not in brown adipose tissue (BAT) in Nrp/J; 
FitliECko mice (fig. S15). Expression levels of the 
mitochondrial uncoupling protein UCP1 were 
only slightly increased in Nrp1;FltliECko epidid- 
ymal WAT and were unchanged in subcutaneous 
WAT and BAT (fig. S15). Thus, adipose tissue 
browning is unlikely to account for resistance to 
diet-induced obesity in Nrp1;FltliECko animals. 

VEGF-A is known to increase blood-vascular 
permeability (13, 14), and lacteals express VEGFR2 
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(fig. S16), but effects of VEGF-A on lacteal junc- 
tions have previously not been investigated, to 
the best of our knowledge. Intravenous VEGF-A 
injection disrupted BEC junctions after 30 min 
as expected, but also increased the number of 
zipper-like junctions in lacteals (Fig. 3, F and G). 
Intravenous injection of the lymphatic growth 
factor VEGF-C also increased junction zippering, 
but to a lesser extent than VEGF-A, whereas a 
mutant VEGF-C-156S protein that cannot bind 
VEGFR2 (15) had no effect (Fig. 3G and fig. S16). 
In vitro, treatment of starved confluent LECs with 
VEGF-A and VEGF-C, but not VEGF-C-156S, pro- 
moted the appearance of straighter VE-cadherin- 
lined junctions and decreased actin stress fiber 
anchoring to perpendicular arranged VE-cadherin 
(fig. S16). These data suggested that increased 
VEGF-A-VEGFR2 signaling in Nrp1;FltliECko 
villi might cause defective chylomicron uptake 
via lacteal junction zippering. 
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pression, lower levels of Vegfc, and little expres- 
sion of Vegf-b (fig. S17). Expression of Fit is 
increased at birth, concomitantly with the ex- 
pression of Mtp and ApoB, a known inducer of 
Fit1 (16) (fig. S17). RNA sequencing showed that 
mature intestinal BECs express four times as 
many copies of NrpI when compared to Fitl 
(fig. S17), consistent with the concept that chy- 
lomicrons induce an increase of FLT1, which 
functions together with NRP1 to prevent exces- 
sive VEGF-A signaling, thereby allowing lacteal 
junction maturation and chylomicron absorption. 

Cdh5-Cre“’ mediates gene deletion in both 
intestinal BECs and LECs, raising the possibility 
that NRP1;FLT1 function might be required in 
both compartments in a cell-autonomous man- 
ner. We therefore generated LEC-specific Nrp1 
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Fig. 1. Nrp1;FIt1iECko mice are resistant to diet-induced obesity. (A) Nrp1;FItliECko and Cre- 
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negative littermate control (Ctrl) mice after 16-week (wk) HFD. (B and C) Growth curves (B) and 
weight gain (C) of Ctrl (n = 8) and Nrpl;FItliECko (n = 11) mice after 16wk HFD feeding. Data are 
mean + SEM. ***p < 0.001. Mann-Whitney U test. (D to F) Weight gain of normal chow (NC)- or HFD- 
fed mice (n = 4 to 11 per group). Data are mean + SEM. ***p < 0.001. Mann-Whitney U test. (G) Body 
composition of mice (n = 7 to 8 per group) after 8wk NC or HFD. Data are mean + SEM. *p < 0.05, 
*** < 0.001. Mann-Whitney U test. (H) Quantification of BODIPY staining intensity of liver 
cryosections (left) and liver triglyceride content (right) from 8wk HFD-fed mice (n = 4 to 5 per 
group). Data are mean + SEM. *p < 0.05, ***p < 0.001. Mann-Whitney U test. (I) Calorie intake, 
energy expenditure, and activity of Ctr! (n = 7) and Nrp1;FItliECko (n = 5) mice after 2wk on HFD. 
Data represent 24 hours (hrs), light hrs (7:00 a.m. to 7:00 p.m.) and dark hrs (7:00 p.m. to 

7:00 a.m.) average, normalized to lean body mass (LBM). Error bars: SEM. (J) Intraperitoneal 
glucose tolerance test in HFD-fed Ctrl (n = 10) and Nrp1;FitliECko (n = 6) mice. Data are 

mean + SEM. *p < 0.05; **p<0.01. Mann-Whitney U test. 
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Fig. 2. Endothelial Nrp1;FIt1 deletion 
prevents lacteal chylomicron absorption. 
(A) Plasma lipid profile in 6-hours fasted 

Ctrl (n = 6) and Nrp1;FItliECko mice 

(n = 6) after 16wk HFD. Data are 

mean + SEM. **p < 0.01. Mann-Whitney 

U test. (B and C) Plasma triglyceride content 
in NC-fed adult mice after gavage with 200 ul 
of olive oil. All mice (n = 8 to 10 per group) 
received 6 hours of fasting, and mice in 

(C) received Triton WR1339 (0.5 g/kg) 
intraperitoneally (i.p.) 30 min before 

gavage. Data are mean + SEM. **p < 0.01, 
***o < 0.001. Mann-Whitney U test. (D) Plasma 
3H CPM (counts per minute) in NC-fed 

adult mice after gavage with °H-triolein— 
containing lipid. Mice (n = 5 per group) 

were fasted for 6 hours and injected i.p. 

with poloxamer 407 (1 g/kg) 30 min before 
gavage. Data are mean + SEM. *p < 0.05; 
**p < 0.01, ***p < 0.001. Mann-Whitney U test. 
(E) Fecal bomb calorimetry analysis of 2wk 
HFD-fed mice (n = 8 per group). Data are 
mean + SEM. ***p < 0.001. Mann-Whitney 

U test. (F) Quantifications of chyle-filled 
ymphatics in mesenteries of P7 mice after 
injection with TAM (3 x 100 ug) at P2 to 

P4. Each symbol represents one mouse 

n =17 to 24 per group). Error bars: SEM. 


Fig. 3. Increased VEGF-A signaling 

alters villus endothelial junctions. 

A) VE-Cad and LYVE-1 staining of whole- 
mounted jejunum lacteals from P13 to 

P18 mice after postnatal TAM administration. 
B) Quantification of zipper-like lacteal 
junctions in (A). Each symbol represents 

one lacteal (7 mice per group). Data are 

mean + SEM. ***p < 0.001. Mann-Whitney 

U test. (C) VE-Cad staining of whole-mounted 
jejunum BEC junctions from P7 mice. 

D) Quantification of dextran leakage in 

Pll mice after Rhodamine-dextran 

and Alexa 647-lsoB4 intravenous (i.v.) 

injection for 10 min. Each symbol represents 
one villus (5 to 6 mice per group). Data 

are mean + SEM. *** p < 0.001. Mann-Whitney 
U test. (E) Western blots and quantifications 
of VEGFR2 phosphorylation in P7 jejunum 
lysates. n = 5 to 6 mice per group. 

Data are mean + SEM. **p < 0.01. Mann- 
Whitney U test. (F and G) VE-Cad staining of villus 
BEC junctions and quantification of zipper-like 
lacteal junctions in jejunum from P18 to P21 
wild-type mice 30 min after injection of growth 
factors or phosphate-buffered saline (PBS). 
Each symbol represents one lacteal (4 to 

6 mice per group). Data are mean + SEM. 

n.s., not significant; **p < 0.01, ***p < 0.001. 
Mann-Whitney U test. 
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**¥p < 0.001. Mann-Whitney U test. (G) Transmission electron microscopy of jejunum central lacteals in P13 mice. LL: lacteal lumen; LEC: 
ymphatic endothelial cell; CM: chylomicron. JNC: junction. The closed LEC junction and empty lacteal lumen are apparent in Nrp1;FItliECko mice. 
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mesenteric and lacteal LECs, but loss of Nrp1;FItl 
in LECs had no detectable effects on postnatal 
mesenteric chyle uptake or on weight gain in 
adult HFD-fed mice (fig. $18). Lymphatic button- 
like junctions were present and responded to 
VEGF-A by forming zippers (fig. S18). Together 
with highly enriched expression of Nrpi and 
FltI in intestinal BECs compared to LECs (17), 
these data suggest that NRP1 and FLT1 func- 
tion in villus BECs to antagonize VEGF-A-VEGFR2 
signaling on lacteal LECs. 

The effect of Nrp1;FltI deletion on LEC junc- 
tions was tissue-specific, as the junction mor- 
phology in initial lymphatics in the skin and 
diaphragm of Nrp1;FltliECko mice was similar to 
that of controls (fig. $19). Intravenous VEGF-A, 
but not VEGF-C or VEGF-C-156S, modestly in- 
creased dermal initial lymphatic junction zipper- 
ing (fig. S19). However, intradermal injection of 
VEGF-A or VEGF-C robustly increased dermal 
LEC junction zippering, whereas VEGF-C-156S 
did not (fig. S19). High VEGFR2 signaling may 
therefore be a general inducer of lymphatic junc- 
tion zippering, which is antagonized by NRP1; 
FLTI decoys in the small intestine and via other 
mechanisms in other tissues. 

If enhanced VEGF-A signaling accounted for 
defective chylomicron uptake in Nrp1;FltliECko 
mice, blocking VEGFR2 function should rescue 
this process. Indeed, intraperitoneal injection of 
the VEGFR2 blocking antibody DC101 (78) de- 
creased VEGFR2 phosphorylation, and increased 
uptake of mesenteric chyle in neonates 6 hours 
after treatment (Fig. 4, A and B, and fig. S20). 
Dilation of villus capillaries was reduced, and 
width of lacteals increased (fig. S20). DC101- 
treated double mutants showed less dextran leak 
from intestinal capillaries (fig. S20), had more 
LEC button-like junctions and fewer zippers, 
and had higher plasma lipid concentrations in 
the bloodstream when compared to untreated 
Nrp1;FltliECko animals (Fig. 4C-D). 

We next determined if changes in lacteal junc- 
tions were sufficient to impair chylomicron up- 
take. Button-like junctions develop postnatally 
by transformation of zipper-like junctions in a 
poorly characterized mechanism that involves 
angiopoietin2 (ANGPT2) and changes in plasma 
membrane localization of VE-cadherin and 
LYVE-1 (19-21). LYVE-1 immunostaining and 
protein abundances of LYVE-1 and ANGPT2 were 
comparable between Nrp1;FitiiECko mutants 
and controls, and inhibition of matrix metal- 
loproteinase (MMP)-mediated LYVE-1 cleavage 
(22) had no effect on mesenteric chylomicron 
uptake (fig. S21). To test VE-cadherin function, 
we used the BV13 antibody, which disrupts endo- 
thelial adherens junctions in BECs and LECs (19). 
Intraperitoneal injection of BV13 (10 ug/g) into 
postnatal mice rescued lacteal chylomicron uptake 
into mesenteric lymphatics in Nrp1;FltliECko 
mutants and disrupted LEC junctions (Fig. 4, E 
and F, and fig. S22). Notably, BV13 treatment 
disrupted capillary BEC adherens junctions but 
did not affect chylomicron uptake in control 
mice (fig. S22). This result indicates that disrup- 
tion of BEC junctions per se has no effect on 
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absorption in Nrp1;FItliECko mice. (A) Experimental timeline of TAM injection and DC101 treatment 


(30 ug/g, i.p., for 6 hours) and mesenteries of P7 Nrp1;FItliECko mice with or without DC101. 

(B) Quantification of chyle-filled lymphatics in (A). Each symbol represents one mouse (n = 11 

to 24 per group). Data are mean + SEM. n.s., not significant; ***p < 0.001. Mann-Whitney U test. 
(C) Quantification of zipper-like lacteal junctions in P13 to P18 Nrp1;FItliECko jejunum with or without 
DC101. Each symbol represents one lacteal (4 to 7 mice per group). Data are mean + SEM. n.s., not 
significant; ***p < 0.001. Mann-Whitney U test. (D) Plasma triglyceride content in NC-fed adult 
mice after 6 hours of fasting and lipid gavage. All mice (n = 5 to 8 per group) received TritonWR1339 
(0.5 g/kg, i.p., 30 min before gavage) and some received DC101 (30 ug/g, i.p., 4 hours before 
gavage). Data are mean + SEM. *p < 0.05, **p < 0.01. Mann-Whitney U test. (E and F) BV13 
rescues chylomicron uptake in Nrp1;FItliECko mice. (E) Quantification of chyle-filled lymphatics in 
P7 mice with or without BV13 treatment (10 ug/g, i.p., for 4 hours). Each symbol represents one mouse 
(n = 5 per group). Data show mean + SEM. n.s., not significant; **p < 0.01. Mann-Whitney U test. 
(F) VE-Cad and LYVE-1 staining of jejunum lacteals from P13 Nrp1;FItliECko mice with or without BV13. 
(G to I) ROCK inhibition prevents chylomicron uptake in wild-type mice. (G) Quantification of chyle- 
filled lymphatics in mesenteries of P10 mice treated with Y27632 (20 ug/g, i.p., for 4 hours) 

or PBS. Each symbol represents one mouse (n = 5 per group). Data are mean + SEM. *p < 0.05. 
Mann-Whitney U test. (H) Quantification of zipper-like lacteal junctions in P13 to P15 mice treated with 
Y27632 or PBS. Each symbol represents one lacteal (4 mice per group). Data are mean + SEM. 
***p < 0.001. Mann-Whitney U test. (I) TEM analysis of lacteals in P13 mice with or without Y27632 
treatment. LL: lacteal lumen; LEC: lymphatic endothelial cell; CM: chylomicron. JNC: junction. 

(J) Model of NRP1;FLT1 effects on BECs and LECs in intestinal villi. VEGF-A binding to NRP1;FLT1 

on BECs limits VEGF-A bioavailability for VEGFR2, resulting in continuous and discontinuous 

cell junctions in BECs and LECs, respectively. Discontinuous button-like LEC junctions allow 

lacteal chylomicron uptake. NRP1;FLT1 are highly expressed only on BECs. Increased VEGF-A 
concentrations or Nrp1;Fit1 deletion in BECs result in excessive VEGFR2 activation, which disrupts BEC 
junctions while zippering up lacteal LEC junctions, thereby preventing chylomicron uptake. 

This phenotype can be rescued by inhibition of VEGFR2 signaling with DC101. 
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chylomicron transport and that lacteal LEC 
junctions, but not capillary BEC junctions, con- 
trol chylomicron uptake. 

In a complementary approach, we treated 
Nrp1;FltliECko mice with dexamethasone, a 
drug that induces zipper-to-button-like junction 
transition in tracheal lymphatics (27). Short-term 
dexamethasone treatment decreased the number 
of zipper-like junctions and increased chyle up- 
take in mesenteries of a subset of Nrp1;FltliECko 
mice (fig. $23). Nrp1;FltliECko mutant BEC junc- 
tions were unaffected by dexamethasone, but 
treated mutant animals exhibited fewer zipper- 
like junctions (fig. S23), confirming that LEC but 
not BEC junctional changes correlate with chy- 
lomicron uptake. 

We reasoned that junctional changes between 
continuous VE-cadherin-lined zippers and dis- 
continuous buttons could depend on cytoskeletal 
VE-cadherin anchoring, which can be inhibited 
in BECs by antagonizing Rho guanosine triphos- 
phatase (GTPase) signaling (23). Indeed, the 
ROCK inhibitor Y27632 induced straighter junc- 
tions of cultured LECs in vitro (fig. S24), and 
short-term treatment of wild-type mice with 
Y27632 reduced chylomicron transport to mes- 
enteric lymphatics and increased lacteal junc- 
tion zippering, without affecting BEC junctions 
(Fig. 4, G and H, and fig. S24). TEM showed open 
lacteal junctions and chylomicrons in the lacteal 
lumen of untreated mice, but closed junctions 
and almost no chylomicrons in the lacteal lumen 
in Y27632-treated mice (Fig. 41). 

Together, our findings demonstrate that high 
VEGF-A signaling has opposing effects on blood 
and lymphatic vessels: opening capillary cell- 
cell junctions via well-studied pathways (10, 24), 
but closing lymphatic junctions via transforma- 
tion of buttons into zippers. We show that LEC 
VEGFR2 activation inhibits VE-cadherin cyto- 
skeletal anchoring, which can be mimicked by 
ROCK inhibition in vitro and in vivo. Cyto- 
skeletal VE-cadherin anchoring might generate 
pulling forces that help maintain lacteal button 
junctions open. Notably, we show that short- 
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term effects of VEGF-A gain of function (over 
hours instead of days) (25) is sufficient to func- 
tionally switch junction morphology and lipid 
uptake. This reveals an intestinal-specific lac- 
teal barrier that could be closed on demand to 
prevent lipid uptake (Fig. 4J). Thus, NRP1 and 
FLT1 appear to function collaboratively as a 
double decoy receptor system in intestinal BECs 
to limit VEGF-A signaling (Fig. 4J). VEGF-A- 
VEGFR2 signaling might provide a LEC growth 
signal together with VEGF-C-VEGFR3 (21, 26). 
In addition, VEGFR2 signaling acts as a physio- 
logical inhibitor of lacteal maturation, whose 
activity must be dampened to allow acquisition 
of transport function. This mechanism may also 
apply to other tissues, with implications for 
edema prevention. Full knowledge of the mech- 
anism responsible for LEC junction zippering 
may hold promise for identifying molecular 
targets for the treatment of obesity. Of note, 
ROCK inhibitors are clinically approved for treat- 
ment of cerebral vasospasm in some countries 
and have been shown to improve metabolism 
and decrease obesity in rodent models (27-30). 
Further studies of the effects of such drugs in 
obesity prevention, as well as of potential adverse 
effects of lacteal junction zippering on intestinal 
health, may be warranted. 
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CELL BIOLOGY 


A liquid phase of synapsin 


and lipid vesicles 


Dragomir Milovanovic, Yumei Wu, Xin Bian, Pietro De Camilli* 


Neurotransmitter-containing synaptic vesicles (SVs) form tight clusters at synapses. These 
clusters act as a reservoir from which SVs are drawn for exocytosis during sustained 

activity. Several components associated with SVs that are likely to help form such clusters 
have been reported, including synapsin. Here we found that synapsin can form a distinct liquid 
phase in an aqueous environment. Other scaffolding proteins could coassemble into this 
condensate but were not necessary for its formation. Importantly, the synapsin phase could 
capture small lipid vesicles. The synapsin phase rapidly disassembled upon phosphorylation by 
calcium/calmodulin-dependent protein kinase II, mimicking the dispersion of synapsin 1 that 
occurs at presynaptic sites upon stimulation. Thus, principles of liquid-liquid phase separation 
may apply to the clustering of SVs at synapses. 


he presence of synaptic vesicle (SV) clusters 
is a defining feature of nerve terminals. SVs 
are tightly packed in these structures, which 
are well distinguished from the surrounding 
cytoplasm, although there is no evidence 
for a restraining boundary (J). Vesicles intermix 
within the clusters (2) and can be exchanged 
between them (3). Although SV clusters present 
at synapses are anchored to active zones of se- 
cretion, active-zone proteins are not required for 
their formation (4, 5) and small clusters also 
occur in developing axons before synapse for- 
mation (6). How the motility of SVs within 
clusters is compatible with their spatial confine- 
ment remains unknown. Recently, liquid-liquid 
phase separation has been shown to be a mech- 
anism through which components of the cyto- 
plasm (proteins and RNAs) can assemble into 
distinct compartments (biomolecular condensates) 
not delimited by a membrane (7-9). A key feature 
of proteins that can undergo liquid-liquid phase 
separation is their ability to engage in multi- 
valent, low-affinity interactions, either through 
intrinsically disordered regions (IDRs) (10, 11) 
or through association with binding partners 
(8, 12). A major constituent of the matrix that 
connects SVs is synapsin (13-15), whose abun- 
dance in nerve terminals is severalfold higher 
than the abundance of any other protein spe- 
cifically localized in this matrix (76). Synapsin 
comprises an adenosine triphosphate (ATP)- 
binding module of unclear physiological function 
(15, 17), flanked by an N-terminal short region 
that partially penetrates membranes (78) and a 
C-terminal IDR (75) with multiple SRC homol- 
ogy 3 (SH3) domain-binding motifs (79, 20) 
(fig. S1). This prompted us to hypothesize (1) 
that synapsin may be a key constituent of a 
biomolecular condensate that includes SVs. 
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To assess whether synapsin, which forms 
homo- and heterodimers, can phase-separate 
through interactions of its IDR, we incubated 
enhanced green fluorescent protein (EGFP)- 
tagged synapsin 1 in a buffer of physiological 
salt concentration and pH on a glass-bottom 
dish at room temperature (see methods). After 
a lag time of tens of minutes, synapsin 1 alone 
formed micrometer-sized droplets (Fig. 1, A and 
B; fig. S4; and movie S1), with the size of the 
droplets correlating with its concentration (0.5 
to 20 uM concentrations tested) (figs. S2 and 
83). The coalescence of synapsin 1 into droplets 
was confirmed by performing the incubation in 
suspension and measuring turbidity (fig. S4). 
These concentrations were not above the physio- 
logical range, as synapsin 1 is estimated to reach 
concentrations above 100 .M in nerve terminals 
(16). Droplets of synapsin 1 had the expected 
properties of a liquid phase (9): They fused with 
each other (Fig. 1B), and bleaching of several 
droplets revealed that synapsin 1 molecules swiftly 
exchanged into and out of synapsin 1 droplets 
[half-time (t/2) = 65 s; Fig. 1C and movie 82]. 
Additionally, fluorescence recovery after photo- 
bleaching (FRAP) of a small area within the drop- 
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let was followed by rapid recovery (t,/2 = 40 s) 
of fluorescence, reflecting local rearrangement 
of synapsin 1 molecules (Fig. 1D and movie S3). 
Analysis of two purified fragments of synapsin 
1 confirmed that its IDR (amino acids 421 to 706), 
but not its folded central ATP-binding module 
(amino acids 113 to 420), which is known to 
dimerize (77), formed droplets (fig. SIB). Droplet 
formation by the IDR alone was as efficient as 
droplet formation by the full-length protein (fig. 
85). Synapsin 2, a paralog of synapsin 1 that can 
heterodimerize with synapsin 1 (15, 17), also con- 
tains a C-terminal IDR, albeit shorter than the 
IDR of synapsin 1. Accordingly, synapsin 2 also 
phase-separated (fig. S6). Increasing the salt 
concentration above the physiological range im- 
paired droplet formation, implicating charge- 
dependent interactions in their formation (fig. S7). 

Polyvalent interactions between SH3 domain- 
containing proteins and proteins harboring cog- 
nate proline-rich motifs can also generate distinct 
liquid phases (8, 12). Synapsin 1 interacts with 
several SH3 domain-containing proteins via its 
IDR (19-22). One such protein, intersectin, is a 
component of a network of protein-protein inter- 
actions that facilitates the clustering of SVs in 
conjunction with synapsin (22, 23). Thus, we 
examined whether, upon incubation with SH3 
domain-containing binding partners such as 
intersectin (22) and growth factor receptor-bound 2 
(GRB2) (79), synapsin 1 phase-separated together 
with them. GRB2 and intersectin contain two and 
five SH3 domains, respectively (22). 

Synapsin 1 was mixed with either GRB2 
(Fig. 2A and movie S4) or a fragment from human 
intersectin comprising its five SH3 domains 
[(SH3)5-intersectin] (Fig. 2B and movie S5) e)) (all 
proteins at 10 uM and fused to fluorescent pro- 
teins) and incubated at room temperature in 
physiological salt concentration. After some delay, 
droplets appeared containing both synapsin and 
its binding partners (Fig. 2, A and B, and movies S4: 
and S5). Droplet growth, after the initial nuclea- 
tion, was faster than with synapsin 1 alone (fig. $4). 
As before, droplets grew progressively or by fusing 
with each other, revealing a liquid state. The same 
concentration (10 uM) was used for synapsin 1 and 


Fig. 1. Synapsin 1 undergoes liquid-liquid 
phase separation. (A) EGFP-synapsin 

1 (10 uM) forms droplets when incubated for 
1 hour in a buffer of physiological salt 
concentration at room temperature. 

(B) Droplets of synapsin 1 show liquid 
behavior by fusing with each other and 
relaxing into a round-shaped structure, 
minimizing surface tension. (C) Photobleaching 
of several synapsin 1 droplets with subsequent 
recovery of fluorescence, as shown by 
micrograph and by quantification of the 
fluorescence recovery in the bleached region. 
(D) Fluorescence recovery of synapsin 

1 after photobleaching a region within a 
droplet. Error bars represent SEM, and red 
shading is the fit with a hyperbolic function. 
a.u., arbitrary units. 
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its partners, although synapsin is thought to be 
the most abundant matrix protein within SV 
clusters (16). This was meant to reflect the pres- 
ence at synapses of multiple SH3 domain- 
containing synapsin 1 ligands, and thus a higher 
collective concentration of these proteins than 
the concentration of any one of them. The syn- 
apsin 1:(SH3)s5 intersectin droplets were larger, 
which could be explained by the higher valence 
of the intersectin fragment (five SH3 domains, 
although with different affinities for synapsin) 
relative to GRB2 (two SH3 domains) (22, 24). 

The cytoplasm of a synaptic bouton is a 
crowded environment filled with organelles 
and macromolecules. To mimic this environ- 
ment in subsequent experiments, we added 
polyethylene glycol (PEG), a crowding reagent, 
to the buffer. In the presence of 3% PEG 8000, 
droplets of synapsin 1 alone (fig. S3) or of synapsin 
1and its binding partners (Fig. 2, C and D) formed 
immediately, with no lag phase. FRAP confirmed 
that, even under these conditions, proteins were 
mobile within the droplets, with a faster recovery 
time for synapsin 1 in droplets generated with 
GRB2 (4,2 at 1.5 min) than in those generated 
with (SH3)5-intersectin (to at 3.2 min) (Fig. 2, E 
and F). This, again, possibly reflects the higher 
valence of this protein relative to GRB2. Recov- 
ery of fluorescence was observed both when a 
region within a droplet (Fig. 2, E and F) and 
when the entire droplet was bleached (fig. S8), 
indicating that recovery results from both mo- 
lecular rearrangements within the droplet 
and the exchange of molecules with the dilute 
phase. Presence of a synapsin 1 binding part- 
ner, (SH3);5intersectin, had a biphasic effect on 
droplet formation. It enhanced this process at 
low-to-moderate excess stoichiometric ratio but 
inhibited it when added in large excess (fig. $9). 
Thus, (SH3)sintersectin is Not only a “client” of 
synapsin but also an active player in the for- 
mation of the liquid condensate. The negative 
effect at high stoichiometric ratio may be due 
to the masking of sites within the synapsin IDR 
that interact with each other. Recruitment of 
synapsin interactors into the droplets was spe- 
cific and did not occur with proteins that do 
not bind synapsin (fig. S10). 

Synapsin binds SVs (15, 18, 25). If its phase- 
separating properties are involved in SV cluster 
formation, synapsin 1 should be capable of 
capturing vesicles into such a phase. We thus 
incubated synapsin 1 with small lipid vesicles 
(~50 to 150 nm in diameter) mimicking SVs 
in lipid composition supplemented with a fluo- 
rescently labeled lipid, 1,2-dioleoyl-sn-glycero-3- 
phosphoethanolamine-N-(cyanine 5) (DOPE-Cy5). 
Formation of synapsin droplets correlated with 
the appearance of droplets positive for the labeled 
lipid, whereas no droplets positive for the lipid 
were observed in the absence of synapsin 1 (Fig. 
3A). Synapsin 1 condensates did not recruit 
vesicles lacking negatively charged phospho- 
lipids (fig. $11), which is expected, given that 
negatively charged lipids are necessary for 
synapsin binding to vesicles (26). Other well- 
characterized protein liquid condensates that 


Milovanovic et al., Science 361, 604-607 (2018) 


do not bind lipid membranes, such as droplets 
composed of cytoplasmic protein noncatalytic 
region of tyrosine kinase adaptor protein 1 (NCK) 
and a fragment of neural Wiskott-Aldrich syn- 
drome protein (N-WASP) that does not include the 
phospholipid-binding region (8), did not sequester 
lipid vesicles (fig. S12). Lipid vesicles were mobile 
within the synapsin phase, as indicated by FRAP 
(fig. S13). Furthermore, lipid vesicles and SH3- 
domain synapsin 1 interactors coassembled with 


A Synapsin 1 


synapsin (fig. $14). Electron microscopy (EM) 
analysis showed that these droplets were represented 
by clusters of small vesicles, whereas in the ab- 
sence of synapsin 1, vesicles remained dispersed 
(Fig. 3, B and C). 

Synapsin 1 is a major presynaptic phospho- 
protein that undergoes multisite phosphoryla- 
tion (/4). Sustained nerve-terminal stimulation 
to trigger massive neurotransmitter release also 
induces the calcium-dependent phosphorylation 
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Fig. 2. Synapsin 1 drives phase separation of SH3 domain-—containing binding partners. (A and 

B) Full-length synapsin 1 (10 uM) and either GRB2 (10 uM) (A) or the SH3 domain-containing 

region of intersectin (10 uM) (B) form droplets under physiological conditions. The domain organization 
of the proteins is shown at the top, and fluorescence images of the protein mixtures at 30 and 

45 min are shown at the bottom. (C and D) Fluorescence images of the solution immediately (within 

1 min) after mixing of synapsin 1 with GRB2 (C) or (SH3)s-intersectin (D) in the presence of the crowding 
reagent (3% PEG 8000). (E and F) Fluorescence recovery of synapsin 1 after photobleaching a region 
within a synapsin 1-GRB2 droplet (E) or a synapsin 1-(SH3)s5-intersectin droplet (F). Error bars represent 
SEM, and red shading is the fit with a hyperbolic function. 
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of synapsin 1 (27). This results in its dissocia- 
tion from SVs and dispersion within the nerve- 
terminal cytosol (28, 29), as SVs are consumed by 
exocytosis. If the formation of a biomolecular 
condensate by synapsin has a physiological 


A Liposomes (DOPE-Cy5) 
nocrowding 3% PEG 


EGFP-Synapsin 1 
3% PEG 


importance in its coassembly with SVs, one 
would expect synapsin 1 droplets to disassemble 
upon calcium-dependent phosphorylation. Two 
prominent phosphorylation sites for calcium/ 
calmodulin-dependent protein kinase IT (CaMKII), 
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called sites 2 and 3, are present in its IDR (14, 15). 
Addition of CaMKII, calcium, and calmodulin 
to synapsin 1-containing samples did not dis- 
perse droplets. Indeed, CaMKII, which binds 
synapsin 1 (29), was recruited into the droplets 
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Fig. 3. Synapsin 1 condensates are reaction centers that are able to 
sequester lipid vesicles. (A) Fluorescence images showing the detection of 
liposomes (left, DOPE-Cy5) and synapsin 1 (right, EGFP-synapsin 1) ina 
mixture of liposomes and synapsin 1 either without or with crowding agent (3% 
PEG 8000). (B) EM images of liposomes incubated without synapsin 1 in the 
same buffer conditions used for (A). Left panel shows section perpendicular to 
the liposome-glass interface. Right panel shows section comprising the layer of 
liposomes adsorbed to the glass surface. (C) Same as in (B), but showing 
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liposomes incubated with synapsin 1. The field shown at right is from a section 
parallel to the glass surface but above the glass interface. (D) EM images of 
synapses from cerebellar mossy fibers (top) and deep cerebellar nuclei 
(bottom) obtained from adult wild-type (WT, left) and synapsin triple-knockout 
(TKO, right) mice. (E) Number of SVs in synaptic cross sections of WT and 
synapsin TKO mice, normalized to WT. (F) Number of SVs per unit area of 
synaptic section in WT and synapsin TKO mice. For each condition, 50 sections 
from three independent animals were examined. Error bars represent SEM. 
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at O s, demonstrating dispersion of both synapsin and liposomes. Right panel 
shows time course of the effect of CaMKII on liposome-synapsin droplets 
dispersion. Error bars represent SEM, and dashed lines represent the fit with a 
single exponential function. Incubations were carried out at room temperature ina 
buffer of physiological salt concentration supplemented with 3% PEG 8000. 
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(Fig. 4A). However, further addition of ATP 
(200 uM) to induce synapsin 1 phosphorylation 
caused rapid dispersal of both synapsin 1 and 
CaMKII [mean lifetime (t) of 5.9 s] (Fig. 4A, fig. 
$15, and movie S6). Importantly, CaMKII also 
disassembled synapsin 1-liposome droplets (Fig. 
4B and movie S7). As a control, we added protein 
kinase C to the droplets, for which synapsin 
lis not a substrate (30), but neither addition 
of the kinase nor the subsequent addition of 
ATP (200 uM) affected the droplets (Fig. 4A). 
The lack of effect of ATP in the latter experi- 
ment also rules out that droplet dispersion may 
be explained by a hydrotrope action of this 
nucleotide (37). Such an action, as reported for 
liquid droplets generated by other proteins, 
occurs only at much higher ATP concentrations 
(fig. S16) than the one used in our phosphoryla- 
tion assay (see also fig. S4). 

Strong evidence points to a physiological master 
role of synapsin in the clustering of SVs at living 
synapses (25, 32-34). In neuronal cultures from 
mice that lack all three synapsins, the number of 
SVs at synapses is lower than that in wild-type 
mice, and this decrease is selective for SVs away 
from active zones (33). We extended these results. 
Even at synapses in situ—both excitatory (cere- 
bellar mossy fibers) and inhibitory (deep cere- 
bellar nuclei) nerve terminals—not only the total 
number but also the packing of SVs was notably 
lower in synapsin triple-knockout mice than in 
wild-type mice (Fig. 3, D to F). 

Collectively, these findings demonstrate that 
synapsin can form a separate liquid biomolecular 
condensate either alone or together with binding 
partners for its IDR, with lipid vesicles, or with 
both. Interactions occurring at the presynapse 
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in situ are expected to be more complex than 
the interactions of synapsin with the two SH3 
domain-containing proteins and artificial lipid 
membranes described here. Because SVs are 
membranous organelles selectively recruited 
into clusters, there must be additional factors 
that help provide specificity. However, the min- 
imal systems used here provide some insight into 
the mechanisms responsible for the properties of 
SV clusters. Clusters of other membranous or- 
ganelles may self-organize according to similar 
principles without the need for a surrounding mem- 
brane or protein-based structure to confine them. 
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SIGNAL TRANSDUCTION 


Apoptosis propagates through 
the cytoplasm as trigger waves 


Xianrui Cheng’ and James E. Ferrell Jr. 


1,2% 


Apoptosis is an evolutionarily conserved form of programmed cell death critical for 
development and tissue homeostasis in animals. The apoptotic control network includes 
several positive feedback loops that may allow apoptosis to spread through the cytoplasm in 
self-regenerating trigger waves. We tested this possibility in cell-free Xenopus laevis egg 
extracts and observed apoptotic trigger waves with speeds of ~30 micrometers per minute. 
Fractionation and inhibitor studies implicated multiple feedback loops in generating the 
waves. Apoptotic oocytes and eggs exhibited surface waves with speeds of ~30 micrometers 
per minute, which were tightly correlated with caspase activation. Thus, apoptosis spreads 
through trigger waves in both extracts and intact cells. Our findings show how apoptosis can 
spread over large distances within a cell and emphasize the general importance of trigger 


waves in cell signaling. 


enopus laevis eggs are large cells, ~1.2 mm 

in diameter, that are naturally arrested in 

metaphase of meiosis II. The eggs ulti- 

mately adopt one of two fates: Either they 

become fertilized and enter the embryonic 
cell cycle, or they remain unfertilized and die, 
usually through apoptosis. Apoptosis is a rela- 
tively nonperturbing form of cell death and 
may allow the frog to resorb old oocytes and to 
clean up any eggs retained in the body without 
provoking an inflammatory response (7). The 
powerful biochemical approaches provided by 
the Xenopus system have made Xenopus eggs 
and extracts useful model systems for the study 
of apoptosis (2, 3). 

The unusual size of the Xenopus egg raises the 
question of how an all-or-none, global process 
such as apoptosis spreads through the cell. One 
possibility is that apoptosis spreads through the 
egg by random walk diffusion, ultimately taking 
over all of the cytoplasm. A second possibility is 
suggested by the existence of multiple positive 
and double-negative feedback loops in the reg- 
ulatory network that controls apoptosis (Fig. 1A). 
These loops may allow apoptosis to propagate 
through self-regenerating trigger waves. Trigger 
waves are propagating fronts of chemical activity 
that maintain a constant speed and amplitude 
over large distances. They can arise when bi- 
stable biochemical reactions are subject to dif- 
fusion or, more generally, when bistability or 
something akin to bistability (e.g., excitability 
or relaxation oscillation) is combined with a 
spatial coupling mechanism (e.g., diffusion or 
cell-cell communication) (4-6). Familiar examples 
include action potentials; calcium waves; and 
the spread of a fire through a field, a favorable 
allele through a population, or a meme through 
the internet. Trigger waves are an important 
general mechanism for long-range biological 
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communication, and apoptotic trigger waves 
may allow death signals to spread rapidly and 
without diminishing in amplitude, even through 
a cell as large as a frog egg. 

To distinguish between diffusive spread and 
trigger waves in the propagation of apoptotic 
signals, we used undiluted cell-free extracts from 
Xenopus eggs (7). Such extracts can be placed in 
long tubes (several millimeters) and imaged by 
video microscopy (8, 9). Over millimeter distances, 
the distinction between diffusive spread of apo- 
ptosis, which would slow down with increasing 
distance, and trigger waves, which maintain a 
constant speed and amplitude, should be readily 
apparent. 

We incubated one portion of a cycloheximide- 
treated interphase cytoplasmic extract with horse 
cytochrome c (2.4 uM) and verified that caspase-3 
and/or caspase-7, executioner caspases (J0) that 
have similar peptide sequence specificities, be- 
came activated (fig. S1). A 10-kDa Texas Red- 
conjugated dextran was added to the apoptotic 
extract as a diffusion marker, and the extract was 
pipetted into a large (560-um inner diameter) 
Teflon reservoir. We then took a second portion 
of the interphase extract, with added sperm 
chromatin plus a chimeric protein consisting 
of glutathione S-transferase, green fluorescent 
protein, and a nuclear localization sequence (GST- 
GFP-NLS) but no cytochrome c, and introduced 
it into a thin (150-um inner diameter) Teflon tube. 
The nuclei act as an easily assessed indicator of 
apoptosis: In nonapoptotic extracts, GST-GFP- 
NLS concentrates in the nuclei that form from 
the sperm chromatin, whereas in an apoptotic 
extract, caspases attack components of the nu- 
clear pore (17) and allow the GST-GFP-NLS to 
leak out and disperse. The tube containing this 
naive extract was gently inserted a short dis- 
tance into the reservoir containing the apoptotic 
extract, and the two tubes were placed under 
mineral oil (Fig. 1B). We used time-lapse fluorescence 
microscopy to determine whether apoptosis 
spread up the thin tube in a diffusive fashion, 
with propagation slowing as apoptosis proceeded, 
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or at a constant velocity as expected for trigger 
waves. 

As shown in movie S1 and Fig. 1, B and C, 
apoptosis progressed up the thin tube at a con- 
stant speed of 27 um/min over a distance of sev- 
eral millimeters. In five independent experiments, 
apoptosis always propagated linearly, without 
showing any signs of slowing down or diminishing, 
and the average speed was 29 + 2 um/min 
(mean + SD). In contrast, the 10-kDa dye spread 
only a few hundred micrometers (Fig. 1B), im- 
plying that neither simple diffusion nor any un- 
intended mixing could account for the spread 
of apoptosis. 

If the apoptotic signals are propagated by 
trigger waves, one prediction is that the waves 
should be self-sustaining; that is, once the ac- 
tivity is established in the thin tube, continued 
contact with the reservoir of apoptotic extract 
would not be required. We tested this possibility 
by inserting the thin tube into the apoptotic 
reservoir for 20 min and then removing it and 
monitoring apoptosis. The apoptotic activity 
propagated from the induction terminus to the 
distal terminus at a constant speed of 32 um/min, 
consistent with a self-sustaining process (fig. 
$2). This procedure was used for all subsequent 
experiments because it provided more reliable 
focusing for the imaging and allowed more tubes 
to be imaged per experiment. 

A second way of detecting apoptosis is with 
the fluorogenic caspase substrate carboxybenzyl- 
Asp-Glu-Val-Asp-rhodamine 110 (Z-DEVD-R110) 
(12). This probe is a rhodamine derivative (R110) 
with two four-amino acid (DEVD) peptides linked 
to the fluorophore. It is nonfluorescent when the 
DEVD-fluorophore bonds are intact but be- 
comes strongly fluorescent once they are hydro- 
lyzed by caspase-3 or -7. We added the probe 
(2 uM) to an extract and initiated apoptosis 
as before. Fluorescence spread up the tube at a 
constant speed (in this experiment, 33 um/min). 
In eight experiments, the average speed was 30 + 
3 um/min (mean + SD) (movie S2 and Fig. 1D). 
We also added sperm chromatin and GST- 
mCherry-NLS as well as Z-DEVD-R110 to com- 
pare the propagation of the caspase activity wave 
with the disappearance of the reconstituted 
nuclei. In this experiment, the disappearance 
of the nuclei lagged 40 min behind the front of Z- 
DEVD-R110 fluorescence (Fig. 1E); in four in- 
dependent experiments, the lag was 35 + 5 min 
(mean + SD). The speeds of the Z-DEVD-R110 
and GST-mCherry-NLS waves—the slopes of the 
dashed lines in Fig. [E—were indistinguishable. 

We sought to understand the mechanistic 
basis for the trigger waves. The apoptotic control 
system includes multiple positive feedback loops 
(Fig. 1A). One positive feedback circuit (des- 
ignated “caspase loop” in Fig. 1A) involves only 
cytosolic proteins, including caspases-3, -7, and 
-9 and XIAP (X-linked inhibitor of apoptosis 
protein). Another involves the system that reg- 
ulates the Bak and Bax proteins (the “BH3 
protein loop” in Fig. 1A), which, when activated, 
bring about mitochondrial outer membrane per- 
meabilization (MOMP). One long loop, in which 


1 of 6 


810z ‘pL Isniny uo /6i0 beweoualos’e0ue!0s//:dj1y WodJ pepeojuMOGg 


RESEARCH | REPORT 


PENM3 NOATOTOBMIA FPYNNA "What's News” VK.COM/WSNWS 


cytosolic cytochrome c stimulates caspase-3 and 
-7 activation and caspase activation stimulates 
cytochrome ¢ release (the “MOMP/caspase/BH3 
protein loop”), connects the two shorter loops 
(Fig. 1A). We tested whether the cytosolic com- 
ponents could support trigger waves in the 
absence of mitochondria and whether the mito- 
chondrial components could support trigger 
waves in the absence of the activation of caspase-3 
and caspase-7. 

We fractionated a crude cytoplasmic extract 
(2, 3) (fig. S3A) and verified by immunoblotting 
that the resulting cytosol was largely devoid 
of mitochondria, as indicated by the absence 
of a mitochondrial marker protein, the voltage- 
dependent anion channel (fig. S3B). Horse cyto- 
chrome c (2.4 uM) was added to this cytosolic 
fraction, and the activity of caspase-3 and/or -7 


Inputs 


Apoptosis 


Fig. 1. Apoptosis propagates in interphase-arrested cytoplasmic 
X. laevis egg extracts through trigger waves. (A) The control circuit for 


was assessed by the chromogenic caspase assay. 
In agreement with previous reports (3, 73), the 
caspases were briskly activated (Fig. 2A). Thus, 
mitochondria are not essential for cytochrome c- 
induced activation of executioner caspases in 
Xenopus extracts. 

We tested whether the cytosolic extract could 
support apoptotic trigger waves. Because nuclei 
cannot be reconstituted in cytosolic extracts, we 
used the fluorogenic Z-DEVD-R110 probe for this 
experiment. The fluorescence spread up the tube 
in a sublinear fashion (movie S3 and Fig. 2E). To 
see if this spread was consistent with simple 
random walk diffusion, we identified points along 
the propagation front with equal fluorescence 
intensities (fig. S4, A and B) and plotted the dis- 
tance squared (x”) versus time (é) (fig. S4C). The 
a’-versus-t relationship was linear for at least 
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an hour (fig. S4C), consistent with random walk 
diffusion. Thus, over this time scale and this dis- 
tance scale, we found no evidence for a trigger wave. 

To further test the role of the mitochondria, 
we added back purified mitochondria to the 
cytosolic extract at a 3% volume-to-volume (v/v) 
ratio, which is approximately physiological [esti- 
mated from the volumes we obtained for the 
various fractions (see fig. S3) and the concentra- 
tions used by others in reconstitution studies (3)], 
and again determined whether apoptosis would 
propagate diffusively or as a trigger wave. As ex- 
pected, the reconstituted extract activated caspase-3 
and/or -7 in response to horse cytochrome c 
(Fig. 2C). Moreover, the reconstitution restored 
the trigger waves (movie S3 and Fig. 2D). The 
propagation distance increased linearly with time 
(Fig. 2D), as it did in crude cytoplasmic extracts 
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The propagation speed (the slope of the fitted line) is 27 wm/min. 


apoptosis, as conceptualized on the basis of the present study and others’ 
previously published work (24-28). Cyt c, cytochrome c. (B) Time-lapse 
montage of GST-GFP-NLS-filled nuclei (green) in a cytoplasmic extract in a 
Teflon tube with its lower end in contact with an apoptotic extract reservoir. The 
extract in the reservoir is marked with 10-kDa dextran—Texas Red dye, shown in 
magenta. A time-lapse video of this experiment can be found in movie S1. 

(C) Correlation between timing and position of nuclear disappearance for the 
experiment depicted in (B). The line is a linear least-squares fit to the data. 
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(D) Kymograph image showing the spatial propagation of caspase-3 and/or 
caspase-7 activity (indicated by R110 fluorescence) in a crude cytoplasmic 
extract. The dashed line was manually fitted to the fluorescence front, and it 
yielded a propagation speed of 33 um/min. a.u., arbitrary units. (E) R110 
fluorescence and nuclear disappearance, detected by using GST-mCherry-NLS 
as a nuclear marker, measured in the same tube. The presence of the nuclei 
makes the R110 fluorescence less diffuse than it is in (D). One dashed line is 
manually fitted to the fluorescence front, and the other is a least-squares fit to 
the nuclear data. The propagation speed was 22 wm/min for both waves. 
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Fig. 2. The speed of the apoptotic trigger wave depends upon the concentration of mitochondria. 
(A and B) Cytosolic extract. (A) Activation of caspase-3 and/or caspase-7 as shown by a chromogenic 
assay. (B) Kymograph image showing diffusive spread of caspase-3 and/or -7 activation, as read 

out by the Z-DEVD-R110 probe, over the indicated time scale and distance scale. The dashed curve was 
obtained by defining an equal-fluorescence isocline, replotting the isocline on a distance squared—versus— 
time plot, carrying out a linear least-squares fit, and then transforming the fitted line for plotting on the 
original distance-versus-time axes. Further details are provided in fig. S4. (© and D) Reconstituted 
extract from the same experiment. (C) Activation of caspase-3 and/or -7. (D) Kymograph image showing 
trigger wave propagation of caspase activation. (E) Slow apoptotic trigger waves detected in cytosolic 
extracts. This kymograph image represents a cytosolic extract incubated for 24 hours in a 3-cm tube. 
R110 fluorescence is displayed here on a heat map scale to allow the shape of the wave front to be 
appreciated both early and late in the time course. (F) Wave speed as a function of mitochondrial 
concentration. Data are from 18 tubes and 8 independent experiments (there are 9 overlapping data points 
with 0% mitochondria). The dashed line is a Michaelian dose-response curve given by the equation 

Y =Yot+Ymax Riz where y is the trigger wave speed, x is the mitochondrial concentration, and Yo, Vmax: 
and K are parameters determined by fitting the data. The fitted parameters were Yo = 13.0 + 1.4 um/min, 
Yenax = 41.3 + 6.1 um/min, and K = 1.3 + 0.6% (means + SE) and r? (coefficient of determination) = 0.98. 
The region bounded by gray lines represents the SE (68.2% confidence interval) single-prediction 
confidence band calculated with Mathematica 11.1.1. 
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(Fig. 1), and propagation occurred at a constant 
speed of 39 um/min, somewhat faster than that 
observed in cytoplasmic extracts. The signal prop- 
agated over a long distance (6000 um) with little 
loss of amplitude and no loss of speed (Fig. 2D). 

Over a distance scale of a millimeter or so, it is 
easy to distinguish a ~30-um/min trigger wave 
from diffusive spread of even a rapidly diffusing 
small molecule such as R110. However, by the 
end of the experiment depicted in Fig. 1B, the 
speed of the caspase-3 wave had fallen to only 
~15 um/min; a trigger wave any slower than that 
would be outpaced by diffusion over the same 
distance. Thus, to determine whether trigger 
waves were abolished or only slowed in cyto- 
solic extracts, we made use of longer tubes (up to 
3 cm) and longer time courses (up to 24 hours). 
Display of R110 fluorescence on a pseudocolor 
heat map scale made it easier to distinguish the 
wave front at both early times and late times 
(Fig. 2E). As was the case in Fig. 2B, the speed 
of the wave front fell during the first ~120 min, 
consistent with diffusive propagation, but once 
the speed reached ~14 um/min it remained con- 
stant for many hours (Fig. 2E). This suggests that 
purified cytosol is capable of generating apo- 
ptotic trigger waves, albeit with a substantially 
lower speed than that seen in cytoplasm or in 
cytosol supplemented with mitochondria. 

Trigger wave speeds were measured in eight 
independent experiments with various concentra- 
tions of mitochondria (Fig. 2F). From curve 
fitting, we determined the trigger wave speed to 
be half maximal at a mitochondrial concentra- 
tion of 1.3 + 0.6% (mean + SE), which is 
estimated to be ~40% of the physiological 
mitochondrial concentration in Xenopus eggs. 
Thus, an average concentration of mitochondria 
is sufficient to generate apoptotic trigger waves 
of near-maximal speed, and the wave speed 
would be expected to drop in mitochondrion-poor 
regions of the cytoplasm. 

Apoptosis almost always initiated first at the 
end of the tube that was dipped in the apoptotic 
extract (Figs. 1 and 2 and fig. S2). However, in 
experiments with either cytoplasmic extracts or 
reconstituted extracts, more than half of the time 
(in 12 of 22 or 21 of 37 tubes, respectively) a sec- 
ond spontaneous apoptotic wave emerged else- 
where in the tube (movie S4 and fig. S5A). The 
velocities of the induced and spontaneous trigger 
waves were indistinguishable (44 m/min in the 
example shown in fig. S5A), indicating that they 
probably represent the same basic phenomenon. 
The entire tube of extract usually became apo- 
ptotic, as assessed by the Z-DEVD-R110 probe, 
after 2 hours of incubation (fig. $5) and invari- 
ably by 4 hours. This global activation of caspase-3 
and -7 did not occur in cytosolic extracts (which 
allowed the extended-time-course experiment 
depicted in Fig. 2E). 

The dependence of the wave speed upon the 
concentration of mitochondria implies that the 
BH3-domain proteins that regulate MOMP may 
function in generating the trigger waves (Fig. 1A). 
To further test this possibility, we added re- 
combinant GST-Bcl-2 protein to cytoplasmic 
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period when the TMRE wave appeared to be parabolic rather than linear was observed (fig. S9). (L) Inhibition of caspase-3 and -7 activity and slowing 

of trigger waves as a function of Ac-DEVD-CHO concentration in cytosolic extracts reconstituted with mitochondria (2.4% v/v). Blue data points show 
caspase activities, measured in extracts diluted 1:20. Green data points indicate wave speeds estimated from Z-DEVD-R110 fluorescence, and red 

data points indicate wave speeds estimated from TMRE fluorescence. The curves are fits to a Michaelian inhibition function, y = Yo + (Vmax — Yo) fa 
where y is the caspase activity or trigger wave speed, x is the Ac-DEVD-CHO concentration, and Yo, Vmax, and K are parameters determined by 

fitting the data. For the caspase activity curve, the fitted parameter values were yo = 0.1 + 2.5, Vmax = 100 + 3, and K = 36 + 8 nM (mean + SE). 
For the wave speed curve, the fitted parameter values were Yo = 17 Ll um/min, Vmax = 40 1 um/min, and K = 856 + 160 nM (mean = SE). The 
68.2% confidence interval) single-prediction confidence bands calculated with Mathematica 11.1.1. 


regions bounded by gray lines represent the SE 


extracts to see whether trigger waves were af- 
fected. Bcl-2 is a stoichiometric inhibitor of the 
pro-apoptotic truncated Bid (tBid) protein and 
of the pore-forming Bak and Bax proteins, and 
so the expectation was that GST-Bcl-2 would 
slow the trigger waves. Adding GST-Bcl-2 de- 
creased the wave speed (Fig. 3, A and B, and 
movie S5). The maximum effect [at 400 nM 
added GST-Bcl-2, which compares to the esti- 
mated endogenous Bcl-2 concentration of ap- 
proximately 140 nM (J4)] was a reduction of the 
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speed to about 13 um/min, the speed seen in 
purified cytosol. Added GST-Bcl-2 had no effect 
on the trigger wave speed in cytosolic extracts 
(Fig. 3, C and D), which emphasizes that the waves 
seen in purified cytosol are probably not caused 
by contaminating mitochondria. GST-Bcl-2 de- 
creased the trigger wave speed in reconstituted 
(cytosol plus mitochondria) extracts (Fig. 3, E 
and F), just as it did in cytoplasmic extracts. 
If the MOMP-caspase-BH3 protein loop con- 
tributed to the generation of trigger waves, 
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inhibition of the executioner caspases would be 
expected to slow or block the waves (Fig. 1A). To 
test this, we added the caspase-3 and -7 inhibitor 
N-acetyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD- 
CHO) to the reconstituted extracts. Because high 
concentrations of the inhibitor make it difficult 
to monitor trigger waves with the fluorogenic 
caspase substrate Z-DEVD-R110, we used an ad- 
ditional probe, tetramethylrhodamine ethyl ester 
(TMRE), a red fluorescent dye that responds to 
changes in mitochondrial membrane potential. 
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Nonapoptotic mitochondria accumulate TMRE 
in their matrices. During apoptosis, the matrix 
loses TMRE at approximately the time of cyto- 
chrome ¢ release (15, 16), even in the presence 
of caspase inhibitors (17). We tested TMRE as a 
reporter of trigger waves by adding 50 nM TMRE 
to a reconstituted extract, together with Z-DEVD- 
R110, and looked for evidence of trigger waves 
in both fluorescence channels. A wave of TMRE 
loss (and therefore depolarization of mitochondria) 
could be detected (Fig. 3, G and H). The TMRE 
wave propagated at the same speed as the caspase 
trigger wave reported by Z-DEVD-R110 in the 
same tube (38 m/min). 

We tested whether trigger waves still occurred 
when caspases-3 and -7 were inhibited. When 
relatively low (< 1 uM) concentrations of the 
caspase inhibitor Ac-DEVD-CHO were used, 
there was sufficient residual caspase-3 and/or -7 
activity to allow both the Z-DEVD-R110 and 


TMRE reporters to yield data on trigger wave 
speed. Both reporters showed that the wave 
speed decreased as the inhibitor concentration 
increased (Fig. 3, I to L; fig. S6; and movie $7). 
In the presence of Ac-DEVD-CHO, a transient 
increase in TMRE fluorescence occurred at the 
front of the apoptotic wave, which may result from 
fluorescence dequenching or transient hyper- 
polarization and which made the TMRE waves 
easier to discern (Fig. 3J and movies S6 and $7). 
At higher concentrations of Ac-DEVD-CHO, the 
wave speed could be read out only with the TMRE 
reporter, and it leveled off at ~15 m/min (Fig. 3L). 

These experiments implicate caspase-3 and/ 
or -7 as well as Bcl-2 in the regulation of the 
apoptotic trigger waves. The experiments also 
show that the trigger waves are relatively robust; 
they are still present, though with reduced speeds, 
in extracts depleted of mitochondria or treated 
with maximal doses of GST-Bcl-2 or Ac-DEVD- 
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Fig. 4. Apoptotic trigger waves in intact oocytes and eggs. (A and B) Injection of immature 
stage VI oocytes with cytochrome c (10 nl of 1-mg/ml cytochrome c) causes a wave of pigmentation 
changes to spread from the injection site to the opposite side of the oocyte. (A) Surface wave example 
shown in montage form. Dashed lines highlight the progress of the wave. (B) Kymograph image. Two other 
examples of these waves are shown in movie S9. (© and D) Surface waves occur in spontaneously 
dying eggs. (C) Surface wave example shown in montage form. (D) Kymograph image. (E) Caspase-3 
and/or caspase-7 assays for one prewave and one postwave egg. (F) Caspase-3 and/or -7 activities for 
eggs pre- and postwave. The data are from 19 prewave eggs and 15 postwave eggs. 
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CHO. However, the addition of Ac-DEVD-CHO 
to cytosolic extracts did completely eliminate 
trigger waves (fig. S7). Thus, the cytosolic caspase 
feedback loop (Fig. 1A) appears to mediate the 
(slow) apoptotic trigger waves seen in purified 
cytosolic extracts (Figs. 2E and 3C). 

To determine whether apoptotic trigger waves 
occur in intact oocytes and eggs, we imaged 
oocytes incubated with TMRE or Z-DEVD-R110 
and looked for evidence of a wave of fluorescence. 
However, the opacity of the cells made it difficult 
to obtain satisfactory imaging data. Nevertheless, 
we noticed that when oocytes were injected with 
cytochrome c, a wave of changes in the oocyte’s 
natural pigmentation systematically spread from 
the site of injection to the opposite pole. One 
particularly notable example of such a wave is 
shown in montage form in Fig. 4A, as a kymo- 
graph image in Fig. 4B, and in video form in 
movie S8; two more-subtle examples are shown 
in movie S9. The surface waves propagated at an 
apparent speed of ~30 um/min, similar to the 
wave speeds seen in apoptotic extracts. Control 
oocytes injected with Texas Red-dextran in 
water did not exhibit these surface waves. These 
findings indicate that apoptotic trigger waves 
can be produced in oocytes. 

To test whether eggs might naturally exhibit a 
similar surface wave at the end of their lifetimes, 
we incubated eggs with egg-laying buffer at room 
temperature, conditions that typically lead to ap- 
optosis by 12 to 24 hours. During this same time 
period, a surface wave often appeared, originat- 
ing near the vegetal pole and propagating toward 
the animal pole, with a typical apparent speed of 
~30 m/min (Fig. 4, C and D, and movie S10). This 
wave was followed by further pigment changes over 
the next several hours—expansion and then con- 
traction of a white dot at the animal pole (fig. S8). 

To see whether the surface wave correlated 
with caspase activation, we harvested and lysed 
individual eggs just after they underwent such a 
wave. Every egg that showed a wave had increased 
caspase activity (Fig. 4, E and F, red symbols). 
We also collected eggs during the same time 
period that had not displayed a wave. None of 
these eggs had increased caspase activity (Fig. 4, 
E and F, blue symbols). These findings support 
the idea that spontaneous apoptosis typically 
initiates near the vegetal pole of the egg and 
propagates outward and upward from there as 
a ~30-um/min trigger wave. 

Our results indicate that apoptosis propagates 
through cytoplasmic X. laevis extracts via trigger 
waves (Fig. 1). The speed of the apoptotic trigger 
waves depends upon the concentration of mito- 
chondria, although both cytosolic extracts and 
GST-Bcl-2-treated cytoplasmic extracts can sup- 
port slower (~13 um/min) waves (Figs. 2 and 3). 
Inhibiting caspase-3 and caspase-7 also slowed 
but did not abolish the waves. These findings 
show that the phenomenon is highly robust and 
must involve multiple interlinked bistable sys- 
tems. We also found evidence for apoptotic waves 
in cytochrome c-injected oocytes and in sponta- 
neously dying eggs, demonstrating that the trig- 
ger waves are not an artifact of the extract system. 
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Imaging studies on mammalian cell lines 
(18-20), cardiac myotubes (21, 22), and syncytial 
human trophoblasts (23) have shown that apo- 
ptosis typically initiates at a single discrete focus 
or a small number of discrete foci and then 
spreads rapidly throughout the cell, and in some 
of these studies the propagation velocities ap- 
peared to be constant over distances of ~100 1m 
(18, 19, 21, 22). Although it can be difficult to 
distinguish between trigger waves and diffusive 
spread over such short distances, particularly 
in cells with irregular geometries and inhomog- 
eneous cytoplasm, it seems likely that apoptotic 
trigger waves occur in many cell types. 

There is a close analogy between the mecha- 
nisms underpinning the apoptotic trigger waves 
observed in this study and calcium waves. Cal- 
cium waves arise from calcium-induced calcium 
release from the endoplasmic reticulum; ap- 
optotic waves involve cytochrome c-induced 
release of cytochrome c from the mitochondria. The 
particular proteins, storage organelles, and time 
scales are different, but the basic logic is the same. 

The ingredients needed for generating a trigger 
wave are simple; they include a spatial coupling 
mechanism (such as diffusion or intercellular 
communication) and positive feedback (6). Pos- 
itive feedback is commonplace in signal trans- 
duction, from cell fate induction to biological 
oscillations to prion formation. And whenever 


Cheng and Ferrell, Science 361, 607-612 (2018) 


positive feedback is present, there is a possibility 
of trigger waves, allowing signals to propagate 
quickly over large distances without diminish- 
ing in strength or speed. We suspect that many 
other examples of trigger waves exist in intra- 
and intercellular communication. 
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Tenure-Track Faculty Position in Functional Genomics 
WwW Genome, Cell, and Developmental Biology (GCDB) Program 
Department of Biology, College of Arts and Sciences 
https://biology.indiana.edu/index.html 


INDIANA UNIVERSITY 
BLOOMINGTON 


The GCDB Program within the Biology Department at Indiana University invites applications for a tenure- 
track position at the assistant professor level with a research emphasis in functional genomics. This position 
is part of the Indiana University Precision Health Initiative Grand Challenge https://grandchallenges.iu.edu/ 
precision-health/index.html. We are interested in candidates whose research uses high-throughput genomic 
methods to elucidate the molecular mechanisms underlying either cancer or neurodegenerative disorders. 
We are seeking individuals that will complement and/or extend our existing strengths in chromatin structure, 
DNA replication and repair, cell cycle regulation, cancer biology, and neural development. Candidates 
working on model organisms as well as human cell lines and/or primary samples are encouraged to apply. 


Successful candidates will have full access to state-of-the-art facilities for genomics and bioinformatics, 
light and electron microscopy, flow cytometry, structural biology, protein analysis, and molecular biology. 
IU researchers have many opportunities for collaboration, including the IU Simon Cancer Center (http:// 
cancer.iu.edu) and the IU Program in Neuroscience (https://neuroscience.indiana.edu/index.html). Our 
faculty members are expected to establish and maintain a vigorous well-funded research program and to 
participate in both undergraduate and graduate education. More information on our program can be found 
at https://biology.indiana.edu/graduate/genome-cell-development/index.html 


Bloomington is a family-friendly city with urban amenities, including theatre productions, live music, art 
exhibits, and a wide-range of culinary options, while still being located in the hilly, forested landscape of 
south-central Indiana (http://www. visitbloomington.com/). 


Applicants should hold a Ph.D. or equivalent degree and have relevant postdoctoral experience with a strong 
record of research accomplishments. Applicants should submit a cover letter, CV, research statement, and a 
list of three references with contact information using the submission link at http://indiana.peopleadmin. 
com/postings/6285. Please address inquires to Jennifer Tarter, jenjones@indiana.edu; 812-856-3984; 
1001 E. Third Street, Bloomington, IN 47405-3700. Applications received by October 15, 2018 will be 
assured of full consideration. 


The College of Arts and Sciences is committed to building and supporting a diverse, inclusive, and equitable 
community of students and scholars. 


Indiana University is an Equal Employment and Affirmative Action Employer and a provider of ADA 
services. All qualified applicants will receive consideration for employment without regard to age, 
ethnicity, color, race, religion, sex, sexual orientation or identity, national origin, disability status or 
protected veteran status. 


POSITIONS OPEN 


Yale 


YALE UNIVERSITY SCHOOL OF MEDICINE 
POSTDOCTORAL ASSOCIATE 
Infectious Disease Pathogenesis /Immunology 


Positions available to study the interactions be- 
tween ticks, pathogens and the vertebrate host. The 
goal is to develop new strategies to prevent diverse 
tick-borne infections, such as Lyme disease, ana- 
plasmosis, babesiosis and Powassan virus. An M.D. 
or Ph.D. in microbial pathogenesis, immunobiolo- 
gy, entomology, cell biology or molecular biology 
is necessary. 

Send curriculum vitae and recent publications to: 
Erol Fikrig M.D., Investigator, Howard Hughes 
Medical Institute, Yale University School of Med- 
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tive Action, Equal Opportunity Employer. Applications from 
women and minorities are encouraged. 
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myIDP: A career plan 
customized for you, by you. 


Tenure-Track Professor in Marine Biology 


The Department of Organismic and Evolutionary Biology (OEB), in partnership with the 

Museum of Comparative Zoology (MCZ), seeks to appoint a tenure-track professor in 

Marine Biology. Research areas of interest include, but are not limited to, human impacts on 

marine life and ecosystems, conservation biology, marine ecology, systematics, physiology 

and evolutionary biology, with an emphasis on animals (invertebrates or vertebrates). We 

seek an outstanding individual who will establish an innovative research program and 
teach both undergraduate and graduate students. The position will likely be associated with a curatorial 
appointment in the MCZ with shared oversight responsibilities for the museum’s research collections. The 
department and museum have strong linkages to a number of allied institutions, including the Harvard 
Forest, Arnold Arboretum, Harvard University Herbaria, and Harvard Center for the Environment. Please 
submit applications online at http://academicpositions.harvard.edu/postings/8358. Required materials 
include a curriculum vitae; a statement of research and teaching interests; four representative publications; 
and the names, institutional affiliations, and e-mail addresses of three to five references. This appointment 
will be made initially at the untenured rank (Assistant or Associate Professor). Review of applications and 
nominations will begin September 15, 2018 and conclude when the position is filled. 


Basic Qualifications: Doctorate in Marine Biology or related discipline is required by the time the 
appointment begins. 


Additional Qualifications: Demonstrated strong commitment to teaching is desired. 


Nl 


online @sciencecareers.org 


There’s only one Science. 


Special Instructions: Please submit the following materials through the ARIeS portal (http:// 
academicpositions.harvard.edu/postings/8358). Candidates are encouraged to apply by September 15, 
2018; applications will be reviewed until the position is filled. 
. Cover letter 
. Curriculum Vitae 
. Teaching statement (describing teaching approach and philosophy) 
. Research statement 
. Names and contact information of 3-5 referees, who will be asked by a system-generated email to 
upload a letter of recommendation once the candidate’s application has been submitted. Three letters 
of recommendation are required, and the application is considered complete only when at least three . . 
letters have been eee - . : Features in mylDP include: 
. Publications or copies of creative works, if applicable 
Further information about OEB and MCZ is available at http://www.oeb.harvard.edu/ and https://mez. 
harvard.edu/. Address questions about the position to fac_search@oeb.harvard.edu. 
We are an Equal Opportunity Employer and all qualified applicants will receive consideration for 
employment without regard to race, color, religion, sex, sexual orientation, gender identity, national 
origin, disability status, protected veteran status, or any other characteristic protected by law. with a prediction of which ones 
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Bees =societies and the NIH 
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A tool for setting strategic goals 
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The University of Texas at Austin 
ey College of Pharmacy 


. Assistant or Associate Professor you through the process. 
Division of Pharmacology and Toxicology 


The Division of Pharmacology and Toxicology at The University of Texas at Austin College of 
Pharmacy invites applications for a full-time tenure-track or tenured faculty position, with appointment and print them for further review 


Articles and resources to guide 


Options to save materials online 


as Assistant or Associate Professor, with an anticipated start date of August 2019. Division faculty 
members (http://sites.utexas.edu/pharmtox/faculty/) are a highly interdisciplinary and collaborative 
group with cutting-edge basic and translational research programs. The University of Texas at Austin 
is home to the Waggoner Center on Alcohol and Addiction Research which provides strong support 
for collaborative research. The successful applicant will be expected to engage in productive research, users that finish mylDP 
high-quality teaching, and actively participate in college and university service. The successful and more. 

applicant will be expected to establish and maintain a vigorous and externally funded research program. 


and discussion. 


A certificate of completion for 


We are seeking applicants with research interests in the pharmacology and neurobiology of addiction, 

including alcohol use disorders. Candidates with expertise in genomics, electrophysiology, or signal Start plann ing today! 

transduction are particularly encouraged to apply. Teaching in the professional (Pharm.D.) program, myIDP.sciencecareers.org 

and Ph.D. graduate program are required. Qualified candidates must have a Ph.D., M.D., or equivalent 

degree ina relevant field. Only candidates with a sustained record of extramural funding and outstanding 

scholarship will be considered for appointment as Associate Professor. 

Applications received before October 1, 2018 will receive first consideration, but applications will — Science In partnership with: ——— 

be accepted until the position is filled. The position carries a highly competitive salary, benefits, and Careers 

start-up package, commensurate with experience. 

This institution is using Interfolio’s ByCommittee to conduct this search. Applicants may access this 

position at http://apply.interfolio.com/52701 and will be prompted to submit a cover letter, curriculum 

vitae, research plan, and a list of 3 references. 

The University of Texas at Austin is an Equal Opportunity Employer with a commitment to diversity 
atall levels. All qualified applicants will receive consideration for employment without regard to 

race, color, religion, gender, national origin, age, disability, or veteran status. (Compliant with 


7 BA 
ee FASEB Mitch 


OF WISOONSIN 


advancjy, 
$4, 


the new VEVRAA and Section 503 Rules). Security sensitive; conviction verification conducted on UCor BURROUGHS 
applicant selected. If hired, you will be required to complete the federal Employment Eligibility WELLCOME 
Verification form, I-9. You will be required to present acceptable and original documents to prove eee FUND E& 


your identity and authorization to work in the United States. UT Austin is a tobacco-free campus. 


PENM3 NOATOTOBMWIA FPYNNA "What's News” VK.COM/WSNWS 


, Faculty Positions in Integrative Biosciences 
WAYNE STATE IBio 


UNIVERSITY 
Wayne State University (WSU) is recruiting up tol5 faculty (open rank) for research and development programs as part of the continued expansion of a broad 
institutional initiative in Integrative Biosciences. This initiative leverages a new 200,000 sq. ft. Integrative Biosciences Center (IBio) that houses coordinated inter- and 
trans-disciplinary research teams, and a Clinical Research Center. Programmatic themes include a focus on pathophysiologies and accumulated stressors affecting 
health in evolving urban environments with a strong emphasis on basic disease mechanisms, clinical translation and community health impact. 


Ten faculty have been recruited to date as part of the [Bio initiative and we are now entering the next phase of thematic-based, programmatic growth. Faculty 
recruitment (tenured, tenure-track, or research-track) will focus on six primary thematic areas: Behavioral Health (#043728); Bio & Systems Engineering (#043729); 
Environmental Sciences and Health (#043725); Health Disparities (#043726); Metabolic Diseases (Cardiovascular, Diabetes and Obesity) (#043727); and Translational 
Neurosciences (#043730). Each theme includes basic discovery-driven research as well as translational, community and implementation sciences cutting across 
departments, programs, centers, and colleges. 

Faculty recruits (tenured or tenure-track) will integrate with departments and colleges or schools consistent with their areas of expertise and shared interests and 


engage in all aspects of our academic mission including research, education and service. Faculty are expected to either already have established extramural research 
funding and/or are on a clear path to secure and sustain extramural funding in support of their research programs. 


Candidates must have a Ph.D., M.D., Pharm.D. and/or related degree(s) in disciplines aligning with the focus areas and possess a demonstrated track record of 
exceptional science, creative discovery and/or knowledge translation and application. We would be pleased to receive applications from groups of faculty from one or 
several institutions who may wish to work together. Qualified candidates should submit applications to the specific thematic position posting # identified above through 
the Wayne State University Online Hiring System https://jobs.wayne.edu/applicants/jsp/shared/Welcome_css.jsp. Applications should include a curriculum vitae 
and a brief narrative describing their research and how it relates to the Integrated Biosciences initiative (http://www.IBio.wayne.edu) with a cover letter addressed 
to the IBio Steering Committee Chair, Stephen M. Lanier, Ph.D. Vice President for Research. Review of applications for the next phase of recruitments will begin 
immediately with applications accepted through October 30, 2018. Competitive recruitment packages are available with salary and rank based on qualifications. 


Wayne State University, which holds the highest Carnegie Foundation for the Advancement of Teaching designations in both research and community engagement, 
is a premier, public, urban, comprehensive research university located in the heart of Detroit where students from all backgrounds are offered a rich, high quality 
education. Our deep-rooted commitment to excellence, collaboration, integrity, diversity and inclusion creates exceptional opportunities for students and faculty in a 
diverse, global society. WSU encourages applications from women, people of color, and other underrepresented people. Wayne State is an Affirmative Action/Equal 
Opportunity Employer. 


Founded in 1868, Wayne State University offers more than 370 academic programs through 13 schools and colleges to nearly 28,000 students. The campus in 
Midtown Detroit comprises 100 buildings over 200 acres including the School of Medicine, the Eugene Applebaum College of Pharmacy and Health Sciences and 
the College of Nursing. The university is home to the Perinatology Research Branch of the National Institutes of Health, the Karmanos Cancer Center, a National 
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WORKING LIFE 


By Alona Fyshe 


618 


How to start a research lab 


s September approaches, a new cohort of junior faculty members are taking up their first 

positions as research group leaders. I was there 3 years ago, making career-shaping decisions— 

sometimes without much mentoring or support. I learned a lot in my first years—how to write a 

grant, manage rejection, and supervise students, to name just a few—and it was all trial by fire. 

Though I made it through and had some successes along the way, I certainly could have used 

advice about how to set up and run my lab. I’ve learned that my experience is the norm, which 
inspired me and a group of other early-career principal investigators to interview leaders in our fields 
about how they built successful research groups. Here are some of the lessons they shared. 


FIND YOUR NICHE. Before you even 
begin to interview for a faculty 
job, you need to decide what your 
lab’s focus will be. You must be a 
pioneer, “carving out a niche for 
yourself that is unique, and where 
you'll be at the top of the heap,” 
says Margaret McFall-Ngai, a pro- 
fessor at the University of Hawaii 
at Manoa who was among the 
first to study squid-bacteria inter- 
actions. Identify how your skills 
intersect with the science that ex- 
cites you, in the most promising 
uncharted territory. Plan big while 
identifying key publication check- 
points along the way. Your tenure 
case depends on it. 


FIND YOUR PEOPLE. Good science 
is done by talented people. “If 
you have an excellent person who 
wants to work with you, try to hire them at all costs, even 
if you have to spend the last of your money,” says Gregor 
Weihs, a professor of photonics at the University of Inns- 
bruck in Austria. On the flip side, hiring the wrong people 
can be a real drain on the group. “Never hire just because 
you can,” Weihs says. Get to know prospective lab mem- 
bers by teaching graduate classes and taking on under- 
graduates for smaller projects, and use your network to 
find promising graduate students at other institutions. 


IT PAYS TO WORK TOGETHER. To secure major funding, “it’s 
better to try and see if you can chase it together rather than 
all competing for the same buck,” says Melvyn Goodale, a 
professor of neuroscience at Western University in London, 
Canada, who helped form an 11-institution research consor- 
tium, the Canadian Action and Perception Network. If your 
goals are aligned with those of other labs, then it makes 
sense to work together on a joint application rather than 


“I certainly could have 
used advice about how to set 
up and run my lab.” 


against each other. Writing grant 
applications as a group can help 
spark new ideas, and many minds 
working together can increase your 
chance of success. Even if you don’t 
get funded, writing a group grant 
can deepen your collaborative rela- 
tionships for years to come. 


BUILD A NETWORK. To make con- 
nections when you're just starting 
out, you need to be your own mar- 
keting department. “It’s not just 
doing the research; it’s making it 
known,” says Yoshua Bengio, a pro- 
fessor at the University of Montreal 
in Canada who works on artificial 
intelligence. These days, a lot of 
networking is done online. Get on 
Twitter and follow your 10 favor- 
ite research labs. Look at who they 
follow to find more connections. 
Tweet about the work you publish and interesting papers 
you read to help people identify your niche and get to know 
your research brand. 

Finally, don’t be afraid to reach out to senior faculty mem- 
bers to seek out mentoring, share your work, and ask for input 
on grant applications. Their feedback will be invaluable, and 
some day you will pay it forward to a new cohort of junior fac- 
ulty members. There is knowledge and experience all around. 
You may be surprised at people’s willingness to share it. 


Alona Fyshe is an assistant professor in the Department 
of Computing Science and Department of Psychology at 

the University of Alberta in Edmonton, Canada, and a 
Canadian Institute for Advanced Research (CIFAR) Azrieli 
Global Scholar. She thanks CIEAR Azrieli Global Scholars 
Gerhard Kirchmair, Graham Taylor, and Katherine Amato, 
and the senior faculty members who were interviewed. Full 
interview transcripts are available at www.cifar.ca/labs. 
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